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Abstract 
 
Four standard glassy polymers are subjected to a classical single pass friction test by 
a spherical glass indenter.  The plastic deformation of the polymers surfaces resulting 
from a single sliding pass was examined by scanning probe microscopy using 
intermittent contact mode.  Debris were present on the surface of polymers with a low 
entanglement density following a single sliding pass.  No debris were present on the 
surface of polymers with a high entanglement density following a single sliding pass.  A 
relationship between entanglement density and debris production was confirmed by 
studying different crosslink densities of polystyrene.  Localised plastic deformation 
occurring at the exposed surface region was proposed to explain the formation of debris.  
The friction of different crosslink densities of polystyrene was shown to be indifferent 
when measured by a glass indenter and by a silicon nitride scanning probe microscope 
tip.  Micro-Raman spectroscopy was employed to detect molecular orientation in thin 
polymer films resulting from friction processes. 
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1 Introduction 
In the production of liquid crystal displays, polyimide films are brushed with a 
velour cloth to control the alignment of liquid crystals.  It has been shown that the 
brushing process orients portions of the molecules at and near the brushed surface.[1, 2]  
The near surface chains of many types of high polymer surfaces have since been 
reported to be oriented by the brushing process.[3]  Surprisingly, the brush orientation 
process is performed at temperatures far below the bulk glass transition temperatures 
( ) of the respective polymers.  Furthermore, the brush orientation process is 
conducted at low contact pressures with no apparent correlation to glassy polymer 
physical properties.  For example, polymers that are well documented for being brittle 
or ductile under tensile loading are both readily brush orientated. 
gT
The mechanism by which molecule segments near a brushed surface are oriented is 
not understood.  Complicated contact mechanics between a moving velour cloth and a 
polymer surface presents a major barrier to understanding the brush-orientation process. 
Recently, the contact mechanics of the brush-orientation process were simplified by 
sliding a glass indenter over a polyimide film.[4]  A sliding spherical indenter defines 
the contact geometry and permits the calculation of stress fields both at and below the 
surface region based on several assumptions.  It also allows one to apply the theory and 
observations that have accumulated over many years from friction studies that employ a 
similar contact geometry. 
Traditional friction studies where a hard spherical indenter has been pushed over a 
polymer surface typically focus on the observed friction force.  Indeed, several friction 
studies have reported a pressure dependent friction-shear stress.[5]  Some authors 
propose that a pressure dependent friction-shear stress implies that polymer yield and/or 
polymer flow must be associated with the friction interactions.  However, there does not 
appear to be a systematic report showing both a friction induced plastic deformation and 
a pressure dependent friction-shear stress. 
It has been postulated for many years that the physical mechanisms leading to the 
observed friction force occur at the sliding interface or very close to it.[6]  Extensive 
plastic deformation of a polymer surface due to brushing (a dry sliding contact) is 
indicated by the observed molecular orientation.  Plastic deformation of a thin polymer 
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film under a hard sliding contact is one feasible explanation of a pressure dependent 
friction-shear stress. 
If substantial plastic deformation does occur in the near-surface region of a polymer 
film, then it is feasible that some correlation can be made to macroscopic physical 
properties.  Unexpected to the author, there appears to be minimal published literature 
associating friction-induced deformation of a polymer surface and physical polymer 
properties.  Remarkably, several polymer wear studies have shown a strong relationship 
between elongation to rupture in a tensile test and the observed wear rate.[7, 8] 
This thesis explores the relationship between polymer mechanical properties and the 
plastic deformation that results from dry sliding contact.  All of the polymers studied are 
widespread, have well documented bulk mechanical properties, and have respective  
far above room temperature.  Dry sliding contact is achieved by sliding a spherical glass 
indenter over a spincoated polymer surface.  It was believed that a hard spherical 
indenter being slid over a smooth surface provides the simplest experimental design for 
studying interfacial friction.   
gT
Plastic deformation was studied by examining changes to the surface topography and 
molecular orientation.  The surface topography of polymers was studied at the 
nanometer ( ) scale by a scanning probe microscope (SPM) in intermittent contact 
mode, without the need for sample preparation prior to imaging.  A new technique for 
observing molecular orientation of thin films was applied because the existing 
techniques are both relatively expensive and difficult to gain access to.  Molecular 
orientation of thin polystyrene (PS) films is reported for the first time by micro-Raman 
spectroscopy. 
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It is difficult to discuss plastic deformation of a polymer surface due to friction 
processes without being buried in the debate concerning the interactions occurring at the 
sliding interface.  It is therefore inevitable that some speculation is made regarding the 
evolution of two surfaces being pushed over each other. 
Sliding friction is a diverse field with many observations depending on the 
experimental conditions employed.  It is not only difficult, but in many cases would be 
misleading to review all of the literature regarding sliding friction and polymers.  The 
results and proposed mechanisms contained within this thesis are a strict function of the 
applied experimental conditions. 
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2 Polymer friction – a literature review 
Friction is the resistance a body encounters when it is moving across the surface of 
another body.  A lubricant often separates direct contact between two macroscopic 
bodies.  Contact between two bodies moving relative to each other without a known 
third body acting as a lubricant is known as dry sliding contact.  It is acknowledged that 
dry sliding contact probably contains debris and contaminants separating the two 
bodies.  For the purpose of this thesis, the term friction is restricted to dry sliding 
contact.  Friction is a non-conservative force that is common to all types of materials. 
Essential to the notion of friction is the presence and distribution of stresses at and 
near the sliding interface.  Prudent selection of a material with appropriate mechanical 
properties allows one to predict the stress distribution that was present during sliding 
motion by careful observation of the material failure.  For example, many glassy 
polymers are very brittle in tension, but ductile in compression.  Hence the type of 
failure of an appropriate glassy polymer due to friction processes can be used to predict 
if tensile stresses were present at the sliding interface.  Ceramics are typically brittle in 
both compression and tension loading regimes, consequently the observed type of 
failure does not distinguish between tensile and compressive stresses that could have 
occurred during sliding friction.  Metals are well reported and have been used 
extensively to map plastic deformation resulting from sliding friction, however there are 
few metals whose mechanical properties readily change from being brittle to ductile 
depending on the applied loading.  Hence, metals are often used to predict the stress 
distribution by mapping the plastic deformation that has occurred, however they cannot 
highlight the presence of tensile stresses occurring specifically at the sliding interface. 
Polymers present an ideal medium for studying friction.  Many polymers are easily 
cast from solution producing very smooth surfaces.  Annealed amorphous polymers 
with a low entanglement density have mechanical properties that switch from being 
brittle to ductile depending on the loading restraints.  Polymer ductility in uniaxial 
tension can be altered dramatically by crosslinking, whilst keeping the elastic modulus 
and shear yield stress essentially constant.  By observing the plastic deformation on a 
polymer surface resulting from friction it may possible to develop an understanding of 
the stress fields developed at the sliding interface. 
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Friction is introduced from a historical perspective.  Mention is then made of the 
mechanics occurring at the contact interface and the experimentally observed friction 
forces.  Discussion of the observed plastic deformation occurring as a result of friction 
is then made before reviewing the processes by which friction may occur. 
 
2.1 Historical perspective 
Leonardo da Vinci in the 15Pth P century was the first person to study and report 
friction in a methodical manner.  Leonardo da Vinci’s ideas were developed by 
Amonton in the 17PthP century and Coulomb in the 18Pth P century leading to the well known 
empirical friction law:[9] 
PF µ=  
where F  is the frictional force that opposes motion of a body under a normal load P  
over the surface of another body.  µ  is known as the friction coefficient being a 
constant unique to the studied system, and in many cases is independent of sliding 
velocity, contact area and surface roughness. 
It was not until the 20Pth P century that the empirical friction law was substantially 
developed and understood.  This effort was initiated by a number of authors (Adam 
1938; Holm 1938; Bowden & Tabor 1939; Ernst & Merchant 1940)[10] who argued 
that surface roughness causes a distinct difference between the apparent contact area 
and the real contact area.  It was proposed that the asperities yielded until the stress at 
the points of contact achieved the yield stress.[11]  As a consequence, the real contact 
area, A  is proportional to load, and hence friction can be thought of as the shear stress 
of the contact junctions, τ : 
PA ∝  
APF τµ ==  
where τ  is the work done per unit sliding distance per unit contact area, but is normally 
referred to as the interfacial shear stress.[12] 
Within most friction processes it is assumed that some plastic deformation is done to 
one or both of the sliding bodies.  There have been several attempts to calculate the 
frictional energy required to produce the observed plastic deformation that occurred due 
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to sliding interactions.  The amount of frictional energy consumed as a result of plastic 
work is thought to be less than 5% of the total frictional energy for most cases, but 
depends on the nature of the interacting solids.[13]  In an effort to describe the 
dissipation of energy during sliding, friction is often presented as a two term model: 
ap FFF +=  
where pF  and aF  are known as the ploughing and adhesive terms respectively.  The 
ploughing term is the force required to push the asperities of the harder surface through 
those of the softer surface and represents the energy dissipated through plastic 
deformation.  The adhesion term represents the remainder of the dissipated energy, 
thought to be emitted as heat.  It is recognised that the two term friction model is a gross 
simplification, and that the two terms are not completely independent.  However, the 
two term model does allow a deeper understanding of the friction process to be 
developed. 
For sliding contact of smooth surfaces it is often thought that the ploughing term is 
negligible and can be ignored.  For example, the ploughing term may be estimated as 
the frictional force remaining after applying lubricant to the sliding interface.[14]  For 
polymers, it has been shown that the friction properties of thin films are 
indistinguishable from those of bulk samples for smooth surfaces (Table 2-1) providing 
further evidence of the insignificant nature of the ploughing term.  For smooth (e.g. 
highly polished) surfaces in sliding contact, the ploughing term is often ignored, 
implying: 
AFa τ=  
The notion that friction is the result of adhesion has provided a framework in which 
to study friction further, although it should not be assumed that the adhesion model 
implies sliding at the interface of the two interacting bodies. 
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Table 2-1.  Comparison of thin film (~200 nm) and bulk friction coefficients.[15] 
 Friction Coefficient ( µ ) 
Polymer 
Glass hemisphere on 
a polymer thin film 
Bulk polymer 
on glass 
Bulk polymer on 
bulk polymer 
LDPE 0.53 0.52 0.42 
HDPE 0.16 0.15 0.08 
PTFE 0.12 0.16 0.13 
PP 0.27 0.26 0.26 
PMMA 0.39 0.36 0.41 
PVC 0.46 0.55 0.54 
PS 0.48 0.42 0.45 
 
It was proposed by Pooley and Tabor[16] that the junctions formed at the sliding 
interface for clean metals are normally stronger than one or both of the solids.  When 
relative motion does occur between two clean metal surfaces, shearing takes place at a 
short distance from the interface in the weaker body with a fragment being large on an 
atomic scale attaching to the other surface.[16]  It may then be assumed that the 
frictional force of clean metal surface in sliding contact, is a function of the bulk shear 
strength. 
It is not expected that the junctions formed at the sliding interface of clean polymer 
surfaces are stronger than one or both of the materials.  Metals are held together by 
metallic bonds that are relatively weak.  At the sliding interface the metals possibly 
form an oxide producing an ionic bond that is much stronger than the original metallic 
bonds.  It is the strength of the oxides and the mechanical alloying occurring at the 
interface that forces shearing to occur a short distance from the sliding interface.  
Polymers on the other hand are held together by covalent bonds that are much stronger 
than the intermolecular forces present at the interface. 
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2.2 Contact mechanics of friction 
The distribution of stresses at a real sliding interface is very complicated and largely 
unknown.  The adhesion theory of friction requires that most of the frictional energy is 
dissipated at the interface, however a stress field has no meaning at the sliding interface 
where forces are applied to specific bonds and atoms by intermolecular forces.  The 
term stress only has significance when a mean field can be developed involving many 
atoms, requiring a length scale of several nanometers.  The localised forces occurring on 
specific bonds may be much larger than a general stress field suggests. 
The distribution of stresses within the two bodies on either side of, and in close 
proximity to the sliding interface is often modelled using classical contact mechanics.  
A single asperity contact is traditionally modelled as a sliding spherical contact. 
This section describes the distribution of stresses in the substrate for a sliding 
spherical indenter on a flat surface, and for a sliding conical indenter on a flat surface.  
The end of this section mentions recent attempts to model the stress distribution for a 
multi asperity contact. 
Hertz developed the first satisfactory analysis for the distribution of pressure for a 
sphere on a plane under elastic contact.[17]  Hertz assumed that the surfaces are 
continuous and non-conforming, that the strains are small, that each solid can be treated 
as an elastic half space and that the surfaces are frictionless.[17]  The implications are 
that the contact radius a , needs to be substantially smaller than both the radius of the 
spherical indenter R , and the thickness of the contacting solids.  Hertz predicted that 
the contact patch would be a circle with the pressure distribution given by: 
( )
a
rap
rp
22
0 −=  
where 0p  is the maximum pressure located at the centre of the ellipse and r  is the 
distance from the centre of the ellipse.  The contact radius of the ellipse and the 
maximum pressure at the centre of the ellipse are given by: 
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where P  is the applied load, and *E , the effective modulus results from the need to 
have equivalent pressure distributions on either side of the interface, being given by: 
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where, 1E  and 2E  are the elastic moduli, and, 1υ  and 2υ  are the Poisson’s ratio of the 
interacting solids.  Note that the maximum pressure 0p  is always 3/2 times the mean 
pressure mp .  Essential to the study of plastic deformation, the maximum shear stress is 
031.0 p , found at a48.0  below the surface at the centre of contact and the maximum 
tensile stress is ( ) 0213
1 pv− , located on the surface at the edge of contact. 
Hamilton and Goodman[18] developed equations for the stress field created by a 
circular sliding contact between two elastic materials.  They did this by taking the 
analysis produced by Hertz and adding a term in the contact region where the shear 
stress on the surface is everywhere proportional to the normal stress.[18, 19]  The 
constant of proportionality used was the friction coefficient.  They assumed that the 
tangential load has no effect on the contact patch dimensions or on the Hertzian pressure 
distribution.[20]  Under the Hamilton and Goodman analysis the maximum shear stress 
moves both towards the surface, and towards the back of the contact patch as friction 
increases, reaching the surface at the back edge of contact about a friction coefficient of 
0.27.  More importantly for solids that are brittle under tensile loading, it was predicted 
that the maximum tensile stress maxσ  at the back edge of the contact region increases 
with increasing friction coefficient (Figure 2-1): 
( )
⎥⎦
⎤
⎢⎣
⎡ −+
+
=
3
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0max
vvp µπσ  
Surprisingly, the maximum tensile stress becomes greater then the maximum normal 
pressure at a friction coefficient of 5.0≈µ .  A major problem associated with the 
Hamilton and Goodman analysis is the assumption that the frictional force is 
proportional to the applied load at each element within the contact region.  The adhesion 
friction model states that the frictional shear stress is the same for each element, and is 
independent of the normal load. 
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Figure 2-1.  Hamilton and Goodman analysis of principal stress distribution along 
the x-axis for a glass sphere on a silicon substrate.TP* PT 
For a multi-asperity contact, the maximum tensile stresses occurring at the back edge 
of each asperity can be several times those predicted by Hamilton and Goodman.[21]  
Lee and Ren[22] have modelled the stress distribution for a rough spherical surface on a 
nominally flat surface showing that both the maximum tensile and shear stresses occur 
at the surface for sliding contact, even under mild (at 25.0=µ  instead of 0.5) friction 
conditions. 
The stress distribution in the substrate underneath a sliding cone is difficult to derive 
as the presence of a sharp point necessitates plastic deformation.  The presence of 
plastic deformation renders the elasticity assumptions used to formulate the stress 
distribution underneath a spherical indenter useless.  There is no accepted model that 
describes the stress distribution under a sharp cone well, due to the viscoelastic-plastic 
nature of polymers.[23]  Hertzian contact conditions are typically assumed under low 
loads for a blunt conical tip.  A sharp conical tip under moderate loads requires some 
plastic flow.  All polymers exhibit a strain rate sensitive flow stress, consequently, the 
generated stress field in a substrate resulting from a conical indenter where plastic flow 
                                                 
TP
*
PT Radius of sphere is 4.7 mm, EBglassB = 82 GPa, EBSiB = 107 GPa, vBglassB = 0.206, vBSiB = 0.3, applied load is 0.20 
N. 
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is present depends critically on the indenter velocity and the sample temperature.[23]  
Many studies involving a conical indenter employ plasticity values obtained from 
various forms of hardness tests to approximate the depth of indentation. 
Developing a model for polished polymer surfaces in sliding contact has proved to be 
very difficult.  The challenge is to know the real area of contact and the distribution of 
pressure within it.  Archard[10] proposed that each asperity must flow plastically at 
first, until a point is reached where the load is supported elastically.  For surfaces where 
the number of contacts remained constant (e.g. polished surfaces), Archard proposed 
that 3
2
PA ∝ .  For surfaces where the average size of contacts remained constant, 
Archard proposed PA ∝ .  Greenwood and Williamson[24] developed Archard’s theory 
for nominally flat surfaces.  They proposed that the contact is controlled by the plane-
stress elastic modulus, the hardness, the surface density of asperities, the standard 
deviation of the asperity height distribution and the mean radius of the asperities.[24]  In 
contrast to Archard, Greenwood and Williamson proposed that whether the contact 
would be elastic or plastic does not depend on the applied load, but on a plasticity 
index.  In a simplified form of Greenwood and Williamson model, the fraction of 
junctions, ∆ , that are plastically deformed is[9]: 
ψ−=∆ e  
2)/)(/(20 ElR cσψ ≈  
where R  is the radius of an asperity, l  is the RMS width, E  is the elastic modulus and 
cσ  is the penetration hardness.  For polystyrene, 2.0=cσ  GPa, 3=E  GPa and so 
)/(09.0 lR=ψ .  Now. lR /  has been reported to be ~ 10 for rough surfaces (grit 
blasted), ~ 100 for ground surfaces, and ~ 10P4P for more smooth surfaces (ground and 
polished).[9]  Thus, unlike metals, polymers with properties similar to PS in smooth 
surface contact will not deform plastically at asperities where contact is occurring 
(because E  is relatively small). 
Elastic contact conditions are often assumed for contact between two highly polished 
surfaces.  Greenwood and Trip[25] modelled the elastic contact for a Gaussian 
distribution of asperity heights.  It has been shown that Hertzian contact mechanics may 
be used if the combined roughness of the two surfaces (standard deviation of the 
summit heights) is less than 5% of the bulk elastic compression.[17]  A key assumption 
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of the Greenwood and Trip model is that the spatial distribution of the asperities must 
be very much smaller than the contact patch. 
The meaning of real contact for highly polished surfaces is questionable.  All real 
surfaces contain a layer of absorbed contaminants.  It is often assumed for contact 
between rough surfaces that the contaminants are pushed between the asperities.  In 
contrast, a highly polished surface may not have sufficient cavities for all of the 
contaminants to be pushed into.  
2.3 Pressure dependence of friction 
The friction force observed in many reported studies is successfully explained using 
the adhesion theory of friction, where friction is proportional to the real contact area and 
not the applied load.  A noteworthy exception to the adhesion theory of friction is the 
pressure dependence of shear stress exhibited by lubricants and polymer films. 
During sliding friction a lubricant undergoes constant shear deformation, thereby 
minimising contact and deformation of the two bodies between which it is located.  It is 
well known that the apparent shear strength (or viscosity) of a lubricant is a function of 
the strain rate and the pressure.  The influence of applied normal pressure on the 
observed friction for thin films of lubricant was first described in detail by Bowers and 
Zisman.[26] 
It is well known that many materials exhibit a pressure dependent shear stress, 
leading to the development of the Mohr-Coulomb yield criterionTP* PT.  However, it came as 
a complete surprise when a pressure dependent friction was reported for thin glassy 
amorphous polymer films[5, 15, 27-31].  For many polymer films, it has been 
experimentally observed that the frictional shear stress has a proportional relationship 
with the mean contact pressure, mp  (Figure 2-2), being modelled in a form similar to 
the Mohr-Coulomb yield criterion: 
mpαττ += 0  
where α  is a constant of proportionality and 0τ  a material parameter.  Reported 
experimental values for some common polymers are presented in Table 2-2.  The values 
of 0τ  represents the frictional shear stress at zero applied pressure and are extrapolated 
from the data, providing for values that are often unrealistic or physically impossible to 
                                                 
TP
*
PT Refer to section 5.1 for a description of the Mohr-Coulomb yield criterion. 
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achieve.  A much more realistic model would assume a constant shear stress until a 
threshold mean pressure is reached. 
 
Figure 2-2.  Friction represented as a shear strength, τ , for a number of organic 
materials as a function of mean contact pressure mp .  Taken from Briscoe and 
Tabor.[15] 
That the polymer film undergoes an exceptionally large amount of shear is one 
explanation to the reported pressure dependence of the frictional shear stress.  Many dry 
lubricants are molecules that are too small to form an entangled structure.  Examples of 
dry lubricants include fatty acid monomolecular layers, paraffin and molybdenum 
disulfide.  As dry lubricants are small molecules, they are able to undergo infinite 
amounts of shear deformation without strain hardening.  Glassy amorphous polymers 
are relatively immense molecules that are unable to undergo extensive shear 
deformation without strain hardening and chain rupture.  It is not feasible for glassy 
polymer films to undergo the unbounded amounts of shear deformation required to act 
as a lubricant without the scission of covalent bonds.  It is possible that the surface layer 
of a glassy polymer is broken off, thereby acting as a dry lubricant, with the resulting 
molecules significantly smaller than the entanglement length.  However, in some cases 
no surface damage of the polymer film is visible with an optical microscope, and there 
is no evidence of film transfer to the indenter surface. 
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Table 2-2.  Values of τ and α  taken from the literature. 
Polymer 
0τ  
)(MPa  α  τ @ MPapave 150=  Reference 
LDPE   6.0 0.14 27 [29] 
HDPE   2.5 0.10 17.5 [29] 
HDPETP* PT   5 0.14  [15] 
PTFE   1.0 0.08 10 [29] 
PMMA 10 0.36 64 [29] 
PMMATP† PT   7.5 _   _ [16] 
PMMAPi P 12 0.15   _ [15] 
PVC  -9.0 0.57 76.5 [29] 
PS   4.0 0.45 71.5 [29] 
PSPiiP   9.3 _   _ [16] 
 
If a surface layer of polymer was broken off, acting as a lubricant, then it is expected 
to see shear rate effects associated with different indenter velocities.  For example, 
many lubricants show rate effects that have been associated with rate dependent 
viscosities.  However, many of the polymers exhibiting a pressure dependent shear 
stress are insensitive to rate changes in indenter velocity when the sample temperature is 
not heating appreciably. 
As stated by Briscoe and Tabor[15] “For reasons which are not yet clear, even when 
shearing appears to occur truly at the interface the shear strength τ  varies with 
pressure … and agrees qualitatively with the shear properties of the polymer in the bulk 
and its dependence on pressure.” 
                                                 
TP
*
PT Measured from Figure 2-2. 
TP
†
PT Did not look for a pressure dependence. 
2.4 Plastic deformation during friction processes 
Plastic deformation of one or both of the surfaces often accompanies friction.  It is 
well reported for metals that significant deformation and elongation occurs after 
repeated dry sliding contact (Figure 2-3).[13]  For some metals it has been shown that 
the plastic strains at the surface are greater than 10 after a single sliding pass, whilst the 
depth and degree of plastic deformation increases with the number of passes (Figure 
2-4).  Appropriately chosen metals are excellent for studying plastic deformation 
because grain and twin boundaries can be used to map deformation processes.  Unlike 
metals, polymers do not normally contain boundaries that can be used to analyse plastic 
deformation. 
 
Figure 2-3.  Transverse micrograph of leaded naval brass after sliding against 
52100 alloy steel for 500 .[13] m
The degree and depth of plastic deformation within a polymer after sliding 
interactions is relatively unknown compared with metals.  Bulk polymers do not contain 
grain boundaries, however they can be produced to contain two or more phases that 
could be used to map plastic deformation in a manner similar to metals.  The use of 
polymer phase boundaries to map deformation due to friction does not appear to be 
reported in the general literature. 
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Figure 2-4.  Measured residual deformation in Te-Cu specimen (99.5% Cu) after 
one, two and three passes by a steel slider.[13] 
Forces and plastic deformation within polymers are controlled by the connectivity of 
the polymer chains.  The direction of specific types of covalent bonds within a polymer 
chain can be observed experimentally and used to infer the degree of molecular 
orientation and hence plastic deformation.  Metals consist of metallic bonds which are 
non-directional and are unable to be used to probe plastic deformation mechanisms. 
Within metals, it is normally assumed that plastic deformation occurs due to the 
ploughing of hard surface asperities through the surface of the softer material.[6]  
Unlike metals, it has been shown that soft polymer brushes* are able to plastically 
deform other polymers that are relatively much harder and stronger.  The surface 
properties of polymers are also the subject of much debate in recent literature.  Perhaps 
the plastic deformation of polymer surfaces due to friction processes is able to provide 
some information regarding the surface mobility of the polymer chains? 
It is a difficult task to review the literature regarding the plastic deformation of 
polymers during dry sliding contact.  There are many independent strands of literature 
that focus on separate aspects of plastic deformation.  In an attempt to produce a 
structured presentation of the literature some of the conventional categories have been 
split and regrouped under what may at first appear inappropriate groups.  Deformation 
resulting from a single pass of a hard indenter are grouped under scratch testing.  Wear 
                                                 
* A polymer brush refers to a velour cloth.  It should not be confused with the macromolecule form 
known as a polymer brush which has large chains grafted by one end to a surface. 
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testing refers to deformation occurring after many cycles of sliding interaction.  Plastic 
deformation resulting from the repeated pass of a polymer brush is considered 
separately. 
2.4.1 Scratch testing of polymers 
A scratch test typically involves pushing a relatively hard conical, pyramid or 
spherical shaped indenter across the surface of the material being tested.  The applied 
normal load is either increased during a pass or kept constant.  Under the simplest of 
techniques the width of the path left (if a path is left) by the indenter is measured.  
Under more complicated techniques the deformation within the path is studied by 
optical, electron microscopy, and/or profilometry in order to understand what type of 
failure occurred at the interface.  The different types of surface failure occurring at the 
interface have been defined by B. J. Briscoe et al.[32] to include elastic, ironing, plastic 
ploughing, brittle cracking, brittle deformation and machining. 
Elastic deformation occurs when contact conditions include a very low imposed 
strain and a low applied load.  No plastic deformations occur and nothing is visible on 
the exposed surface following the scratch test. 
Ironing occurs with blunt indenters under moderate loads.  The only visible response 
to the scratch is the flattening of some surface asperities. 
 
Figure 2-5.  Optical image of ductile ploughing.  Taken from M. Bonne et al.[33] 
Plastic ploughing refers to a polymer that undergoes extensive plastic deformation 
during scratching with the deformation being dominated by ductile flow of the material 
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around the indenter.  Experimentally, smooth edged scratches that are visible by optical 
microscopy are observed (Figure 2-5).  Polymers like polymethylmethacrylate (PMMA) 
that are renowned for brittle failure under tensile loading are able to undergo extensive 
plastic deformation without the formation of cracks due to the compressive loading 
condition.[32] 
At higher applied loads, or sharper cone angles ductile ploughing will shift to brittle 
cracking, characterised by crack formation on the edges of the complete groove track, or 
at the edges of individual scratches.  This type of failure indicates a tensile stress field is 
present with localised strain resulting from the flow of polymer.[32] 
Brittle deformation is simply a more consistent and prevalent form of brittle 
cracking. 
The most severe mechanism defined is known as machining.  This is characterised 
by extreme brittle deformation with shards of polymer being formed and removed from 
the polymer surface (Figure 2-6).  Machining is restricted to sharp indenters (tip angle 
<35o).[32] 
 
Figure 2-6.  SEM image of machining - brittle deformation of a PMMA surface.  
Taken from M. Bonne et al.[33] 
By performing scratch tests over a range of indenter velocities, applied loads and 
indenter geometries one may produce a map of the observed polymer deformation 
mechanisms with respect to different experimental conditions employed (Figure 2-7). 
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The formation of a scratch deformation map presents an important step into forming 
a good understanding of what deformation is occurring during sliding friction.  There 
are however some unexpected experimental observations that should be mentioned.   
 
Figure 2-7.  Scratch deformation map for polycarbonate (PC).  All tests done at 
room temperature at a scratching velocity of 0.0026 smm .[34] 
The addition of lubrication to the sliding interface can readily shift a brittle fracture 
mode into a ductile ploughing mode.  Clearly, interfacial friction must be critical in 
building up a tensile region.  Increasing the sliding velocity can often shift a brittle 
failure mode into a ductile failure mode.[32, 34]  A change in failure from brittle to 
ductile with increasing strain rate is counter intuitive.  It has been proposed that the 
change in failure mechanisms is due to heating of the interface[34].  An alternative 
explanation is that time dependent flow of the polymer may allow for the compressive 
stresses associated with ploughing to relax thereby forming a tensile region at slower 
velocities. 
A special form of scratch testing occurs with large spherical indenters, here the angle 
between indenter and the polymer surface approaches 0o.  Many scratch test results 
suggest that the deformation should be elastic, and hence no surface damage should 
result.  It has been shown that by increasing the indenter radius or the applied load, 
substantial plastic deformation maybe observed when employing a spherical indenter. 
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Bethune[35] first reported the plastic deformation of glassy polymers under a sliding 
spherical indenter in detail.  The samples consisted of polymer blocks being pushed 
under steel ball bearings of different radii.  Bethune reports that at low loads no 
permanent damage to the polymer surfaces occurred, however surface damage began to 
appear in a form dependent on the polymer when the load was increased.  No further 
description of the surface damage was provided.  For polystyrene in air at sufficient 
load, a continuous row of parallel cracks formed concave to the wake of the indenter 
throughout the length of the slide (Figure 2-8).  In contrast, PMMA did not crack in air 
over the range of applied loads, even though it is brittle and the calculated tensile stress 
at the back edge of contact should have been sufficient.  Bethune measured the critical 
load to form cracks for several polymers in different environments, as shown in Table 
2-3.  For a 6.3 mm  radius steel indenter on PS the fracture stress calculated using a 
Hamilton and Goodman analysisTP* PT closely resembled that measured under tension.  
However the fracture stress calculated was vastly different for different radii indenters 
on the same polymer surface.  The fracture stress calculated for a steel indenter on PS in 
two different environments shows that for a constant radii indenter a large change in the 
applied load only has a small change in the calculated fracture stress, indeed the 
maximum tensile stress calculated by the Hamilton and Goodman analysis can be 
approximated by (assuming that µ  does not change significantly): 
3
0max p∝σ  
 
Figure 2-8.  Cracks formed by sliding a 6.3 mm  radius steel ball over polystyrene 
under a load of 18.5 kg .  Taken from Bethune.[35] 
                                                 
TP
*
PT Refer to section 2.2 for a description of the Hamilton and Goodman analysis. 
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Table 2-3.  Critical conditions for surface cracking of glassy polymers exposed to a 
6.3 mm  radius steel indenter sliding at a speed of 1.5 minmm .[35] 
  
Critical 
load 
Friction 
coefficient Track Width (mm) 
Calculated 
fracture stressTP*PT 
Tensile fracture 
stress 
Polymer Environment ( N ) ( µ ) Measured Calculated TP†PT ( MPa ) ( MPa ) 
PS Air   24TP‡PT 0.27 0.70 0.64 54 42 
PS Methanol     3.9 0.33 0.44 0.34 30 27 
PMMA Methanol   24 0.39 0.62 0.64 60 - 
PC Carbon 
tetrachloride 
  11 0.42 0.58 0.56 37 - 
 
Ni and Faou[36] performed similar studies to Bethune with indenters of much 
smaller radii.  They noted that for PS when using a 75 mµ  radius indenter under 30 g  
normal load it was possible to form deformation ridges that are convex with respect to 
the sliding direction (such ridges often accompany ductile ploughing), the spacing 
between the ridges was the same as the stick-slip distance.  However, when Ni and Faou 
used a 584 mµ  radius indenter under a 270 g  normal load for the same PS, they 
observed cracks that were concave with respect to the sliding direction in a similar 
manner to Bethune (at a maximum pressure that is approximately half of that for the 
small indenter case).  It was proposed that the deformation ridges were due to surface 
shear yielding developed by the compressive stress at the front of the moving indenter.  
Surprisingly, the coefficient of friction was identical for each indenter. 
If evidence of ploughing, cracks or debris cannot be seen optically or with an SEM it 
is often assumed that no plastic deformation has occurred with the contact being elastic.  
Recently, Cossy-Favre et. al.[4] showed that substantial plastic deformation can take 
place without obvious damage to the surface.  Cossy-Favre et. al. employed near edge 
X-ray adsorption fine structure (NEXAFS)[37] to observe average orientation of 
specific molecular groups in the top 10 nm  (total electron yield) of 
poly(biphenyltetracarboxylic dianhydride-p-phenylenediamine) polyimide (BPDA-
                                                 
TP
*
PT Calculated by applying the Hamilton and Goodman analysis (refer to section 2.2). 
TP
†
PT Calculated by assuming Hertzian mechanics for contact. 
TP
‡
PT Critical load for cracking PS in air using the same indenter but kept stationary is 447 N. 
PDA) following a single pass by a 9.8  radius glass spherical indenter under a 
normal load of 0.027 .  Cossy-Favre et. al. showed that a strip of the polymer surface 
had been oriented due to the friction processes (Figure 2-9).  BPDA-PDA polyimide has 
a very rigid backbone, and exhibits a bulk yield stress of 200 – 300 .  It is 
unknown if damage is present as a changed surface topography at the nanometer scale.  
The nature of the contact is also unclear as the oriented region consists of two separate 
parts, and the width of the oriented region is less than the contact width predicted by 
Hertzian contact mechanics.  What is clear is that plastic deformation, as evidenced by 
orientation of the polymer at the surface region is occurring in a loading condition 
where it was traditionally assumed that only elastic contact was made. 
mm
N
MPa
 
Figure 2-9.  Normalized X-PEEM image of the oriented line recorded parallel to 
the electric field vector at 285.3 eV .[4] 
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2.4.2 Wear experiments 
Wear refers to the deterioration of a surface and/or bulk due to a repetitive action.  In 
friction studies wear refers to the change in surface morphology and/or the weight loss 
and/or volume loss due to a sliding or cutting action.  Wear can be of three different 
types; fatigue, friction (also known as adhesive) and abrasive.  Distinction between the 
three types of wear is made by examining the wear surfaces and the wear history.  
Fatigue and friction wear results in bands transverse to the sliding direction, whilst 
abrasive wear produces bands longitudinal to the sliding direction.[38] 
2.4.2.1 Fatigue wear 
Fatigue wear results from the alternating stresses and vibrations that occur due to a 
combination of multi-asperity contact and repetitive sliding contact.  Fatigue wear takes 
many cycles to become noticeable and typically advances by crack growth.  The sliding 
surfaces have to be sufficiently smooth to prevent cutting and brittle ploughing.  In 
fatigue wear the surfaces are lubricated or the frictional forces are small (e.g. HDPE). 
2.4.2.2 Friction wear 
Friction wear occurs when the two sliding surfaces are very smooth and unlubricated.  
Friction wear is promoted by large values of frictional force, sliding velocity or high 
temperatures.  Historically it has been associated with one of the two materials having a 
low modulus.  Friction wear results from opposing surfaces adhering at the asperities, 
and shearing off a surface layer from the softer material.  It is thought that the shear 
layer then acts as a lubricant greatly reducing the wear rate of either of the surfaces.  
Wear by roll formation is one characteristic form of friction wear. 
Wear by roll formation is often observed when the softer material is a vulcanised 
rubber.  Small tight rolls of rubber that are transverse to the sliding direction remain on 
the substrate surface following a sliding pass.  The classical mechanism for wear by roll 
formation is presented in Figure 2-10.  As a result of contact discreteness leading to 
intermittent contact within the contact region, separate polymer regions interact during 
relative displacement with a hard smooth surface (Figure 2-10a).  Due to adhesion at the 
contact section, the polymer is deformed in a complex manner (Figure 2-10b).  
Following an amount of deformation, the contact region either changes in shape and 
size or it breaks off.  For rubber it is thought that it is more likely that the contact region 
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changes in size.[38]  Due to the build-up of internal stresses and surface strain, the 
region of contact may turn into a “wavelet” (Figure 2-10d). 
 
Figure 2-10.  Successive stages of wear by roll formation for vulcanised rubber 
sliding under a smooth hard surface.[38] 
The reasons why a low modulus material would have contact discreteness with a 
smooth hard surface have not been explained.  For low modulus polymers the work of 
adhesion is normally sufficient to make the difference between the apparent contact area 
and the real contact area negligible.  It is expected that the polymer’s mechanical 
properties would have a significant impact on the probability of a wavelet forming and 
breaking off. 
Aharoni[39] claimed that many glassy polymers wear by roll formation under 
specific conditions.  Polymers shown to wear by roll formation include polpropylene, 
Nylon 6, polyethylene[39] and PC[40].  Aharoni also showed that under high pressures, 
the rolls of polymer are squashed flat, providing a smeared appearance.  It is possible 
that some of the images presented by Aharoni may contain features with a form similar 
to roll formation but formed through different mechanisms.  Roll formation is a unique 
third body process that can occur to accommodate a velocity difference between the 
sliding surfaces when both the loading and friction forces are at an appropriate value. 
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2.4.2.3 Abrasive wear 
Abrasive wear refers to the removal of material by a combination of cutting and 
shearing processes, employing hard asperities on the counter face or hard particles 
between the surfaces.  Abrasive wear testing has had the most success in establishing a 
link between polymer mechanical properties and friction. 
In general, it has been shown for many materials that there is an inverse proportional 
relationship between wear rate and hardness.  However, polymers do not follow this 
trend.  Ratner et al.[7] proposed that the work required to rupture a polymer during 
sliding to be the most important parameter.  It was thought that the work required to 
rupture would be equivalent to the product of the breaking stress and the elongation to 
break.  Indeed, an excellent correlation between the wear rate and the inverse of the 
product of breaking stress and the elongation to break has been shown for many 
polymers (Figure 2-11).[8]  Clearly, the inference is that the more brittle a polymer is in 
the tensile regime the faster its wear rate will be. 
 
Figure 2-11.  The wear rate of several polymers against the product of the 
reciprocal of the stress and strain at tensile rupture.[41] 
Yang and Wu[42] developed Ratner’s theory, establishing a link between crazing 
(which leads to a materials brittle nature) and wear rate.  They have performed 
extensive wear tests over a range of molecular weights and blends of molecular weights 
of PS.  They have shown that for monodisperse PS both the wear resistance and the 
craze breakdown strain show a similar relationship to the molecular weight (Figure 
2-12).  However, the wear rate as a function of craze breakdown strain is different for 
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PS blends and monodisperse PS.  This discrepancy was explained by performing a 
scratch test and showing that the critical load for crack opening is much higher for 
monodisperse PS than for a PS blend with a similar craze breakdown strain. 
 
Figure 2-12.  The wear resistance and craze breakdown strain of monodisperse 
PS.[42] 
In a similar manner, Yang and Wu[43] have also shown that for a range of miscible 
blends of PS and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), the wear rate versus 
blend composition shows a dependence composed of two linear lines that join at the 
composition close to the crazing-shear yielding transition (Figure 2-13).  They 
concluded that for both pure PS and PS rich PS-PPO blends, the craze breakdown 
controls the wear process, however for PPO rich PS-PPO blends the breakdown of shear 
deformation zones controls the wear process.  Yang and Wu proposed that cracks 
initiated and opened just behind the trailing edge of the asperities, as this is the point 
where the tensile stress is greatest.  It should be noted that both studies did not contain 
images of crazes or provide direct evidence of the existence of crazes before the cracks 
opened. 
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Figure 2-13.  Wear rate as a function of the PPO fraction in PPO-PS blends.[43] 
 
2.4.3 Polymer brush induced plastic deformation. 
Polymer surfaces are brushed by velour cloths as a critical step in the production of 
liquid crystal displays, with the process often called buffing.[44-46]  The surfaces of 
many glassy polymers are oriented when brushed by a velour cloth.  Brushing of a 
polymer surface with a velour cloth is distinct from classical wear studies, as the velour 
cloth is normally a softer material than the polymer that it is deforming.  Due to its 
commercial significance, the orientation of polymer surfaces with a polymer brush has 
received a lot of attention over the last two decades. 
The process of brushing involves pushing a polymer-coated substrate underneath a 
rotating drum coated with velour cloth.  The applied load, sample velocity, drum radius 
and angular velocity can all be adjusted.  The type of velour cloth is also a variable, 
with some made of cotton[1, 44, 47, 48] or nylon[45, 49-51].  As a result of brushing, 
the exposed polymer surface has many small grooves (typically of the order 10  in nm
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depth)[49-51] running parallel to the sliding direction, and the polymer surface has a 
preferential chain segment orientation along the rubbing direction. [52] 
Geary et. al.[1] were the first group to report experimental evidence of polymer 
orientation due to brushing.  They measured the birefringence changes due to brushing 
thin films of several polymers, including polyethylene-terephthalate (PET), PC and PS.  
Birefringence changes have been used extensively to measure orientation in brushed 
films of many polymers, including many of the polyimides used in the production of 
liquid crystal displays.[47, 49, 50, 53-55] 
Since the initial publication by Geary et. al., several techniques including NEXAFS, 
grazing incidence X-ray diffraction (GIXD) and polarized transmission IR spectroscopy 
have been used to study brush induced polymer orientation. 
In a classic publication, Toney et. al.[2] were the first to observe that the orientation 
near the surface of a brushed polyimide film (top 5 nm ) is greater than that in the bulk.  
They pioneered the application of GIXD for the measurement of orientation at the near-
surface region by taking advantage of a totally externally reflected X-ray geometry.  
Remarkably, their results show that the extent of orientation of the polymer surface 
region depends on film thickness. 
NEXAFS has been used to detect and measure the average orientation of specific 
molecular groups in the top 1  (Auger electron yield) and 10 nm  (total electron 
yield) of the polymer surface.  The average orientation of polymer segments is inferred 
from the observed orientation of specific molecular groups.  The results from the 
NEXAFS studies agree in a qualitative fashion with the mentioned birefringence studies 
showing orientation in brushed surfaces of many polyimides [3, 4, 52, 56, 57] and PS 
[3, 58]. 
nm
Polarized IR spectroscopy has been used to observe orientation in brushed 
polyimide[59] and poly(aryl ether ketone ketone)[60] films.  Polarized IR spectroscopy 
shares many experimental considerations with birefringence studies, namely, that a 
transmission geometry is required, and that the results are not surface sensitive. 
All of the mentioned techniques shown that there is preferential chain segment 
orientation parallel to the rubbing direction.  The brushing process must orientate the 
chain segments at the surface in a similar manner as stretching does for a bulk polymer.   
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Geary et. al.[1] speculated from birefringence results that the surface of the polymer 
would be much more highly orientated than the film bulk after brushing.  NEXAFS and 
GIXD have shown conclusively that the orientation in the near surface region is 
significantly greater than in the film bulk.[2, 55]  With respect to developing orientation 
in the film, some studies have reported that rubbing distance is more important than the 
buffing load,[56, 58] whilst other studies report the opposite.[46, 49, 50] 
Orientation of thin films is often assumed to be a surface specific deformation, 
however the retardation of thin films in birefringence experiments increases until the 
film thickness reaches ~ 50  for PS [53] and ~ 80 nm  for polyimide.[55]  
Furthermore, it has been shown from NEXAFS results that the recovery of PS surfaces 
upon heating is not complete until the bulk  has been reached.[58]  In comparison it 
was reported that for thin films (< 20 nm ) of PS, the observed optical retardation 
reduced to zero below the bulk .[53, 61]  Perhaps NEXAFS or GIXD has the 
potential to show if the depressed  observed in so many studies for thin polymer 
films[62-70] is due to confinement effects, by looking to see if there is recovery at the 
near-surface region of PS below a critical film thickness? 
nm
gT
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As to the mechanism of polymer orientation, the most popular mechanism suggests 
that the chains orientate by shearing of a melted polymer surface.[1]  When the drum 
used in many brushing experiments is rotated at a high angular velocity one would 
expect substantial heating at the interface.  However, Cossy-Favre et. al.[4] have shown 
that polyimide surfaces can be oriented by a glass indenter travelling at a slow velocity, 
where substantial heating of the interface in unlikely.  Although the exact mechanism is 
not known, it is clear that shear must occur at the interface pulling, and hence 
elongating the polymer chains. 
2.5 How do sliding surfaces move relative to each other? 
Possibly the most fascinating aspect of friction is the questions of what occurs at the 
sliding interface.  It is also the aspect of friction that is least well understood.  The third-
body approach presents a framework from which most sliding mechanisms can be 
developed.[71-73]  The friction stack concept[74] is essentially the same as the third 
body approach, except that emphasis is placed upon the dissipation of energy.  The third 
body approach breaks sliding friction into five separate zones (Figure 2-14).  The two 
sliding solids (indenter and sample) are the two outmost zones.  The third body zone 
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consists of debris resulting from wear of the rubbing solids and contaminants and/or 
lubricants that have combined and may aid the sliding process by changing the real area 
of contact and/or acting as some form of lubricant by undergoing plastic deformation.  
The third body screens consist of the modified interface that shield the two rubbing 
solids from the developed third body.  Each of the five zones may or may not have a 
role to play in accommodating the velocity difference between the rubbing solids, and 
they may or may not be present in different sliding situations.  The velocity difference 
between the different solids is accommodated by one of four different deformation 
modes, namely; elastic, rupture, shear and rolling modes occurring in some or all of the 
identified zones. 
Many studies report the occurrence of dry sliding friction between two solids without 
acknowledging the formation or presence of third bodies.  In contrast, it has been shown 
that most friction processes occur with the surfaces of the two solids being damaged.  
The sliding of damaged surfaces, typically including third bodies has been termed 
“normal” friction.[75] 
 
Figure 2-14.  The five zones of three-body contact.  Elastic, rupture, shearing or 
rolling deformation may be taking place in each of the zones. 
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It has been suggested that under high loads, if the smoothness and hardness of the 
surfaces is sufficient, the damage, and hence any production of third bodies will be 
localised within a narrow interfacial region.[75]  The term “boundary friction” is often 
applied when deformation is restricted to within a few nanometers of the sliding 
interface.  Boundary friction employs a third body that is much smaller than normal 
friction. 
There is limited literature that targets the fundamental nature of friction without the 
presence of wear for macroscopic sized contacts.  Studies that report on sliding of two 
molecularly smooth undamaged surfaces are categorised as “interfacial” friction.[75]  
Homola et al.[75] propose that interfacial friction is a function of the relative velocity  
and the precise distance between the two surfaces, and the area of real contact.  A clear 
classification of “interfacial” friction is that it contains no third body as a result of wear 
processes. 
It is difficult experimentally to observe and measure true interfacial friction for dry 
sliding contact.  One challenge is to produce molecularly smooth curved surfaces.  
Another challenge is to slide two smooth surfaces over each other without generating 
damage and hence third bodies.  Most literature regarding interfacial contact on a 
macroscopic scale employ two moving cylinders with a sheet of cleaved mica (mica if 
cleaved properly has an atomically smooth surface) glued onto the surfaces of each 
cylinder.  Within this geometry, the solids that can be studied are restricted to those that 
can be coated onto a mica surface.  Many polymers and salts can be solvent cast onto 
the mica surface.  It is also pertinent to note that under most laboratory conditions, the 
samples surfaces will be covered by a thin layer of physisorbed material from the 
atmosphere.  The thickness and type of the physisorbed material depends on the 
materials surface energy and the surrounding atmosphere. 
Homola et al.[75] have studied the differences between interfacial friction and 
normal friction for mica on mica in dry sliding contact.  They were able to monitor the 
real contact area by observing the fringes of equal chromatic order (FECO).  The 
frictional force for interfacial friction is substantially higher than that for normal friction 
(Figure 2-15).  It was found that under interfacial friction conditions the frictional force 
is best described by a critical shear stress with the contact area showing excellent 
agreement with JKR[76] theory.  When damage occurred during sliding it was observed 
in-situ as a localised discontinuity in the FECO fringes (Figure 2-16b).  A spike in the 
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FECO fringes indicates that one or both of the surfaces was torn producing a small 
flake.  The damage typically occurred within the contact zone and not at the periphery.  
The time taken for the damage to propagate across the entire contact zone (Figure 
2-16c,d) from initiation was in the order of seconds, much less time than required to 
traverse one contact diameter.  Notably, Homola et al. did not propose a mechanism for 
the observed wear or speculate why it occurred.  Furthermore, mica consists of silica 
sheets that are bound together by relatively weak van der Waals forces,[77] providing 
an easy route for the propagation of damage. 
 
Figure 2-15.  Frictional force and contact area versus load for mica on mica in air.  
Note the transition from interfacial friction (1) to normal friction (2).[75] 
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Figure 2-16.  Transition from interfacial to normal friction.  The top figures are 
the observation of FECO shapes, the bottom images are a schematic interpretation 
based upon the FECO shapes and electron microscopy. (a) two undamaged 
surfaces (interfacial friction); (b) single mica flake is torn from one of the surfaces 
observed by a sharp spike in the FECO fringe; (c,d)  damage spreads rapidly 
generating many mica flakelets and separating the surfaces.[75] 
The surface force apparatus has also been used to examine the friction properties of 
glassy polymers.[78-80]  A transition from interfacial friction to normal friction 
occurring over several cycles was observed for mica sliding over poly-n-butyl 
methacrylate (PnBMA) at 10oC below .[78]  No changes in the PnBMA film 
thickness or surface topography to within a few angstroms (as observed by FECO 
fringes) occurred during the transition from interfacial friction to normal steady state 
friction.[78]  However, when the contact geometry was changed to PnBMA sliding over 
mica, changes in the FECO fringes occurred that were interpreted as the formation of 
small amplitude (~10 nm in height) long-wavelength ripples on both the polymer 
surface and the mica surface.[79]  After several cycles discrete lumps of PnBMA that 
were a similar distance to the slip length apart were observed on the mica surface with 
an ordinary light microscope.  The ripples on the polymer surface were thought to 
rapidly disappear upon separation.[79]  Recently, Maeda et al.[80] used the surface 
forces apparatus to study the friction of PS on itself and polyvinyl benzyl chloride 
(PVBC) on itself.  No comment was made regarding the mode of friction, however the 
low friction coefficients reported and the reference to surface damage it can be 
suggested that they were in the normal friction regime.[80] 
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Schallamach waves present the only form of dry sliding contact that is known to be 
stable over large sliding distances, and does not inflict any permanent deformation on 
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either of the sliding surfaces.[81]  Schallamach waves form in elastomers when a hard 
indenter or roll is moved across the elastomer surface above a critical velocity.[82]  
Schallamach waves consist of small regular folds transverse to the sliding direction, that 
cross the contact area at velocities significantly higher than the sliding velocity, moving 
from the compressive zone at the leading edge to the tensile zone at the trailing 
edge.[83]  In the circumstance that Schallamach waves are present, true sliding at the 
interface does not occur, as the moving folds provide relative motion between the 
surfaces in adhesive contact.  Schallamach waves do not abrade or wear the elastomer 
surface. 
Often in friction experiments involving hard elastomers, wear patterns are formed 
transverse to the sliding direction that are not Schallamach waves.  It is thought that 
permanent wear patterns are either viscoelastic ridges forming in front of the indenter 
and being sheared during sliding[83], or tears that are opening up towards the trailing 
edge as a response to the build up tension (e.g. a needle being dragged across 
rubber).[41] 
The third body approach to friction suggests that most sliding surfaces require the 
deformation of a third body, or of one of the surfaces to accommodate the velocity 
difference between the surfaces.  In the dry sliding situation where debris production is 
not obvious, the accommodation of the velocity difference between the sliding surfaces 
is difficult to understand.  The adhesion theory of friction and the third body approach 
both suggest that the force of friction is a result of the shearing of one/or both of the 
materials near the interface, or the shearing of materials or junctions at the interface.[74]  
However, polymers cannot undergo shear indefinitely without chain scission (for 
example friction wear).  Furthermore, the friction force should be velocity dependent at 
very low sliding velocities if it is due to shear deformation (as shear stress is rate 
dependent). 
Another option is that the interfaces can truly slip past each other without requiring 
one of the surfaces to undergo shear deformation.  It has been proposed that all motion 
occurs by stick-slip at some scale.[9]  Possible stick-slip scales include the contact area 
(macroscopic stick slip), at individual surface asperities or even at individual molecular 
groups. 
There have been many attempts to model dry sliding friction without requiring one of 
the surfaces to undergo shear deformation.  A simple elastic phenomenological model 
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was devised by Caroli and Nozieres[84] for a multi-asperity contact in dry-sliding 
friction.  The model, based upon multi-asperity contact, proposes that whenever two 
asperities come into contact, they get displaced from their reference positions along the 
plane of contact.  During contact, the asperities are compressed and deformed 
elastically.  At low sliding velocities a pair of asperities may form an active trap, which 
if strong enough may push the trap into a metastable state that is suddenly released 
when the trap fails.  The release of the trap converts elastic energy into acoustic waves 
that are absorbed by the bulk sliding material.  Within this model, the elastic 
deformations of asperities define the shear elastic stiffness of the sliding system.  
Importantly this model does not allow for velocity weakening or a static friction higher 
then the dynamic friction, and so does not allow for stick-slip motion. 
Caroli and Velicky[85] developed the simple elastic model of Caroli and Nozieres by 
allowing the active traps to age.  Specifically the active traps increase in contact 
diameter over a period of time.  However, plastic deformation of the traps parallel to the 
sliding interface is not considered as ageing.  The elastic-plastic model does allow for 
stick-slip sliding under low sliding velocities. 
Both the elastic model by Caroli and Nozieres, and the elastic-plastic model of Caroli 
and Velicky provide the foundation for modelling the friction processes occurring in 
multi-asperity contact.  However, neither model appears to explain why polymers with 
similar creep properties may undergo stable or unstable (stick-slip) sliding phenomenon, 
nor do they explain the motion of single asperity contacts (e.g. SPM results, or surface 
force apparatus results). 
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3  Experimental 
3.1 Objectives 
The thesis investigates the plastic deformation of glassy polymer surfaces during 
interfacial shear.  The emphasis was on the shear (adhesive) component of friction.  
Consequently much effort was made to reduce the ploughing component of friction.  
Sliding surfaces that are smooth on the  scale eliminates the contribution of 
ploughing friction. 
nm
There are many experimental techniques that can be used to view plastic deformation 
arising from interfacial shear.  It was noted in the literature review that no plastic 
deformation of a polymer surface after sliding a blunt indenter over a smooth polymer 
surface is visible by optical microscopy.  Scanning electron microscopy (SEM) is well 
used in materials science for studying the changes to surface topography, but sample 
preparation of polymers necessitates coating the polymer surface with a conductive 
material (typically gold) prior to imaging under a vacuum.  In contrast to SEM, 
scanning probe microscopy* (SPM) requires no sample preparation and has higher 
resolution than a general purpose SEM. 
Imaging molecular orientation of polymers can be a straightforward process, 
however there are not many instruments with the sensitivity to observe orientation of a 
30  thick polymer film.  NEXAFS and optical retardation are the two most common 
techniques for observing surface and thin film orientation respectively, but both are not 
readily accessible.  Micro-Raman is capable of observing the orientation of thin films, 
and has the advantage of being available for experimentation. 
nm
All of the experimental work, except when explicitly stated otherwise, was 
performed by the author in various laboratories at the University of Wollongong. 
3.2 Polymers studied 
Polymers used within this thesis had to meet a number of criteria; they had to have 
well known mechanical properties, they had to be soluble in a suitable solvent for spin-
coating, the  had to be well above room temperature, and the polymer could not be 
known for transferring between surfaces during sliding friction.  Furthermore, a wide 
gT
                                                 
* Often called an atomic force microscope (AFM). 
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range of failure properties under tensile loading (and hence entanglement densities) was 
desirable.  The polymers studied within this thesis are presented in Table 3-1. 
Table 3-1:  Polymers studied within this thesis. 
Polymer Repeat Unit 
Polystyrene 
(PS) 
 
Polyphenylene Oxide 
(PPO) 
 
Polymethylmethacrylate 
(PMMA) 
 
Polycarbonate 
(PC) 
 
 
Both industrial grade and molecular weight standards of PS were used.  The 
industrial grade PS was Austrex 103, obtained from Polystyrene Australia Pty Ltd.   The 
PS standards used were obtained from Polysciences, Inc. and had narrow 
polydispersities. 
The PMMA used was sold as ELVACITE 2021 and supplied by T. R. Chemicals, 
Australia.  PMMA standards used were obtained from Polymer Source, Canada.  The 
PMMA standards were synthesized using anionic living polymerisation of 
methylmethacrylate and are over 79% syndiotactic content (referred to as syndiotactic 
PMMA in the remainder of this thesis). 
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The PC (Poly(Bisphenol A carbonate)) was obtained from Aldrich.  It had an average 
molecular weight (Mw) of 64,000, as measured by GPC. 
Industrial grade PPO was obtained from GE (Schenectady, New York, USA).  The 
particular PPO used was poly(2,6-dimethyl-1,4-phenylene oxide). 
3.3 Preparation of polymer samples for friction experiments 
Producing a clean interface that, within practical limitations, is free from impurities 
is essential to studying interfacial phenomenon.  Very smooth surfaces are required to 
promote interfacial shear, and eliminate ploughing friction.  Depositing thin polymer 
films from solution onto very smooth substrates is the easiest and most reliable 
technique for preparing smooth clean polymer surfaces.  Dip-coating and spin-coating 
are two common techniques for depositing thin polymer films onto a substrate from a 
solution.  Relatively, a much smaller volume of solution is required for spin-coating 
compared with dip-coating.  The film drying procedure can be simpler for spin-coated 
films due to a smaller film thickness (because it is easier for the solvent to evaporate).  
Also, the polymer standards and the high purity solvents used are valuable.  Hence, 
spin-coating was used in preference to dip-coating. 
Substrates for the friction experiments had to meet a number of requirements; they 
had to be very smooth (almost atomically smooth), they had to be reflective (so that 
thickness measurements could be made using an ellipsometer), and they had to be 
sufficiently rigid so that they would not bend when being mounted or transported.  Mica 
is commonly used in many friction studies because it is atomically smooth if cleaved 
properly.  However, mica is also well known for shearing across specific planes, 
consequently it was not used.  Polished silicon wafers met the selection criteria, and 
were readily available. 
Polished silicon (Si) wafers (75mm N<100>) were obtained from Silicon Inc., 
United States of America (USA) and used as a substrate for the majority of the friction 
experiments.  Si wafers were chosen because their surface is almost atomically smooth, 
and applying pressure on the outer edge with a scalpel readily breaks them into 
convenient sized pieces. 
For the micro-Raman study, CaF2 windows obtained from Edmund Scientific 
(catalogue numbers NT47-077 and NT47-078).  CaF2 windows were used because they 
do not exhibit Raman scattering over the wavelengths of interest. 
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All of the polymers used were dissolved in HPLC grade solvents prior to spin-
coating onto the Si or CaFB2 B substrates.  All of the polymers except PC were dissolved in 
toluene.  PC was dissolved in a 1:1 (by weight) blend of toluene and tetrahydrofuran 
(THF).  Toluene was added to THF for PC because the volatility of THF alone is too 
high to produce a smooth film by spin-coating.  Typically, the polymers were dissolved 
at a concentration of 2 wt. % of the solution. 
Several drops of the respective polymer solutions were deposited onto the respective 
substrates with a glass syringe employing a 0.2 mµ  filter.  The substrates were then 
spun using a spin-coater made by Headway Research Inc., USA (model 1-EC101D-
CB15).  Typical spin-coating conditions were 2000 rpm  for 45 s . 
Unless otherwise stated, the samples were annealed under vacuum at approximately 
20Po PC above their respective known bulk gT ’s.  A SHEL LAB vacuum oven, Model 
1410D supplied by Sheldon Manufacturing Inc., USA was used for annealing all of the 
samples.  When it was critical to know the specific temperature of the sample, two IEC 
Z2-K-1M K type thermocouples were attached to the aluminium oven shelf that had the 
samples located on it.  The temperature of the thermocouples was manually observed 
using an OMEGA (model 650) type k thermocouple thermometer. 
When required, thin film thickness measurements were made using a Rudolph 
Research AutoEL-II ellipsometer.  The ellipsometer’s calibration was checked at the 
beginning of each day, by measuring a silicon oxide Rudolph Research ellipsometer 
check sample (thickness 44.8 nm  ± 0.3 nm ).  The following parameters were used for 
calculating the film thicknesses: 
Thickness of SiO 1.9 nm  
Refractive index of SiO, SiOn  1.462 
Refractive index of PS, PSn  1.591 
Refractive index of PMMA, PMMAn  1.49 
Refractive index of PC, PCn  1.585 
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3.4 Bulk polymer sample preparation 
Bulk polymer samples were required for two separate purposes.  One purpose was to 
clarify the bulk mechanical properties of PPO before and after it had been exposed to 
toluene vapour.  The other purpose was to provide PS samples for the validation of the 
micro-Raman study of molecular orientation. 
Thick (0.5 - 2 mm ) sheets of PPO were produced by placing PPO powder in a PHI 
(model 210C) hot hydraulic compression press.  The PPO powder was initially placed 
in the hot press between two metal sheets at 270Po PC under no external pressure for 5 
minutes.  The pressure was then increased to 20,000 psi  and released 3 times in order 
to degas the polymer.  The PPO was then left under 20,000 psi  at 270PoPC for 20 minutes 
before quenching in water.  The samples were then left in water over night before 
separating the polymer from the metal sheeting that formed the mould (it was not 
possible to remove the polymer from the metal sheeting without plastically deforming 
the polymer sheet if it was not left in water for several hours).  Tensile samples were cut 
from the polymer sheeting using a RAY RAN test equipment dog bone tensile cutter 
(ISO 527-2 type 1A).  DMA samples were cut from the compression moulded sheet 
using a pair of scissors. 
Thick (0.5 – 2 mm ) sheets of PS were produced from industrial grade PS using the 
same procedure as for PPO, except that the press temperature was 165Po PC.  A uniaxial 
oriented PS sample was made by heating a 1 mm  thick PS sheet on a hot stage, and 
then after the PS sheet had begun to soften (heated above it’s gT ) rapidly stretching it 
by hand until it broke.  Orientation of the hand stretched PS sample was confirmed by 
observing birefringence using a standard transmission optical microscope. 
3.5 SEM - Crosslinking technique 
PS samples ( wM  = 200,000 molg / ) were crosslinked using a Leica Stereoscan 440 
Scanning Electron Microscope (SEM) in a method similar to that described by Henkee 
and Kramer.[86-88]  PS requires high intensity radiation to form physical crosslinks due 
to the presence of the benzene ring.[89]  The radiation required to crosslink PS is 
approximately 100× greater than for many common linear polymers like 
polyethylene.[90] 
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The beam intensity was measured by focusing the beam on a 30 mµ  aperture (a hand 
drilled hole in a piece of carbon) and measuring the beam current with a Kiethley 486 
picoammeter that is attached to the SEM stage.  Beam intensity measurements were 
made after every second polymer region was crosslinked.  The current used in the 
crosslink density calculations was the average of the preceding and proceeding beam 
current measurements. 
PS samples were crosslinked by imaging a region of the sample with a defocused 
beam.  Typical focusing conditions were a focus of 19 mm  and a magnification of 43×.  
The defocused conditions used were a focus of 58 mm  and a magnification of 83×.  The 
stage height was kept at a constant value.  A beam intensity of approximately 40 nA  
was used for crosslinking.  The accelerating voltage was set to 20 kV .  As the substrate 
was conducting (Si wafer), the samples were simply placed on the SEM stage without 
the use of an adhesive.  The crosslinking exposure times were measured using a hand 
held stopwatch. 
At the beginning of a crosslinking session the electron beam intensity was measured 
over a range of currents to ensure that the system was operating as expected. 
Following the crosslinking process, the PS films were left for two days in a 
desiccator before any further experimentation due to the suspected presence of long-
lived free radicals that accompany the crosslinking process.[91] 
All of the crosslinked films were washed with HPLC grade toluene and then dried at 
120Po PC under vacuum.  The soluble fraction was calculated by subtracting the final 
thickness after washing and drying from the initial thickness prior to crosslinking.  The 
Charlsby-Pinner relationship[92] was then used to calculate the gelation dose.  The 
gelation dose ( g  nC ) was in turn used to calculate the crosslink density ( Xv  
3mstrands ) of the respective films using the following relationship: 
I
g
M
Ntv
w
A
irrX ××=
ρ  
where, irrt is the radiation time, AN  is Avogadro’s number 
( molemolecules2310023.6 × ), ρ  is the density of polystyrene ( 305.1 cmg ) and I is 
the measured intensity ( nA ) of the electron beam. 
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It was assumed that the entanglements within the polymer structure would act in a 
similar manner to the crosslinks.  In this manner, the total strand (a strand is defined as a 
chain segment bounded by crosslinks) density ( v 3mstrands ) after crosslinking was 
calculated as: 
XE vvv +=  
where Ev  is the entanglement strand density.  The total strand density is presented as a 
multiple of the original entanglement density. 
3.6 Friction apparatus 
The friction apparatus had a number of requirements; the travel of the stage had to be 
smooth, the stage had to be able to be moved at velocities of the order smµ , and, the 
applied normal pressure was to be as low as possible.  It was felt that a simple friction 
apparatus could be built within our laboratory for a price that was much less than 
commercially available friction apparatuses. 
The friction apparatus was built by the BHP Steel Institute at the University of 
Wollongong (Figure 3-1).  It consists of a double cantilever employing strain sensors to 
measure the deflection (Figure 3-2).  The normal load was applied manually by 
adjusting the hight of the double cantilever support with respect to the sample stage by a 
micrometer type screw.  For each experiment, the indenter was stationary as the sample 
was moved underneath at a rate controlled by the respective stage controller.  Two 
different stage-motor combinations were employed during the experimentation. 
The original system consisted of a Micro Mini Stage, supplied by Edmund Industrial 
Optics, stock number F53-673.  The travel of this system was shown to be rough.  A 
signature of the travel is a sinusoidal type wave in the observed load data. 
The second system consisted of a Physik Instrumente (PI) M-011.00 translation stage 
(15 mm  maximum travel) that was pushed by a Burleigh IW-710 series Inchworm 
motor.  The motor was operated through Labview (computer software made by National 
Instruments) using a Burleigh Model 6000 ULN series ultra low noise inchworm 
controller.  Within this system, the displacement coming from the motor’s encoder was 
recorded in-situ using a computer. 
 
Figure 3-1.  Photo of the friction apparatus in the second configuration. 
Before constructing the double cantilever, the expected deflection was calculated 
using the moment area theorem.  The dimensions of the constructed cantilever are given 
in Appendix A.  Entrain semiconductor (Model ESB-020-500) strain gauges were 
mounted on the cantilever in a standard Wheatstone bridge configuration (2 on each 
side).  Two Amalgamated Instrument Co. PM4-WT Load cell monitors were used to 
measure the respective Wheatstone bridge circuits.  An excitation voltage of 5 volts was 
applied to the Wheatstone bridge circuits, with a full scale detection range of 100 
VmV .  The normal load cell monitor was calibrated by placing two different masses 
(~0.005 and 0.08 ) on the end of the double cantilever and assuming a linear 
relationship between them.  The friction load cell monitor was calibrated by the same 
method after turning the friction apparatus on its end. 
N
The outputs from the load cell monitors were connected to a National Instruments 
data acquisition card (model PC-LPM-16/PnP) using analogue inputs (0 – 10 V ).  The 
digital filter on the load cell monitor was turned off.  The time, laboratory temperature, 
frictional force, applied load and displacement were logged with laboratory made 
software, which was written using Labview programming language made by National 
Instruments. 
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Figure 3-2.  Schematic of the friction apparatus. 
An indenter material was chosen that had a much harder surface than the opposing 
polymer surface, so that the plastic deformation occurring at the sliding interface was 
limited to one material.  Glass indenters were used because they are readily available. 
There were two types of glass indenters used within this study.  One type were made 
within our laboratory by melting an 8 mm  diameter soda glass rods obtained from Q 
Stores Australia (catalogue number. 000998273), forming glass objects with a tear drop 
shape (Figure 3-3).  The bottom of the tear drops were assumed to be spherical, with 
their radii ( R ) measured by taking an optical microscope image and measuring the 
width (a) and height (b) from a known baseline and then calculated using the following 
relationship derived from Pythagoras theorem (Figure 3-4): 
a
abR
8
4 22 +
=  
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Figure 3-3.  Laboratory made glass indenter.  The Australian dollar is 25 mm  in 
diameter. 
 
Figure 3-4:  Measurements made to calculate the indentor radius of curvature. 
The other type of glass indenters were obtained from Edmund Scientific Company.  
They were sold as TECH SPEC™ PLANO-CONVEX (PCX) LENSES.  The models of 
PCX lenses most commonly used within this thesis were D45,077 ( 71.4=R mm , SF11 
glass type) and D45,079 ( 75.7=R mm , BK7 glass type). 
3.7 Scanning probe microscopy (SPM) 
A Digital Instruments Multimode SPM with a NanoScope IIIa controller was 
employed for imaging the changes to surface topography of the respective polymer 
surfaces resulting from interfacial shear processes.  Imaging was performed using both 
contact mode and intermittent contact mode*.  The same SPM was also employed to 
make nano-friction measurements of different crosslink densities of PS. 
In contact mode the cantilever deflection was kept as a constant with the height of 
the sample stage being adjusted by the feedback loop.  Standard Silicon Nitride 
cantilevers (4 per wafer) were used.  The deflection set point was adjusted using a force 
ramp so that the applied force would be kept at a minimum, whilst still being positive. 
Ultrasharp silicon cantilevers (model NSC12) were used for intermittent contact 
mode.  The intermittent contact amplitude of the cantilever was kept constant.  Unless 
stated otherwise the imaging frequency employed was offset by 15% from the harmonic 
frequency.  Furthermore, the imaging amplitude was always greater than 0.8 of the free 
amplitude to ensure that the intermittent contact is “light”. 
Nano-friction measurements were also performed with the SPM using a technique 
developed and taught by Christian Fretigny.[93]  Silicon Nitride cantilevers with a 
stiffness of 0.12 mN  were used for the nano-friction measurements.  Initially the 
position of the split photodiode detector was moved to zero volts where the cantilever 
was not in contact with the sample.  Then the deflection setpoint (the vertical position 
that the reflected laser hits the detector) was adjusted to the negative of its desired value.  
The vertical position of the photodiode was adjusted again so that the deflection of the 
cantilever where it is free from contact with the sample is equal to the deflection 
setpoint.  Finally the deflection setpoint was set to zero again.  The result is that an 
applied load of a known voltage was applied to the cantilever with the deflection signal 
being close to zero.  The advantage of this approach is that all of the measurements are 
taken using the same central region of the photodiode detector, and so nonlinearity 
effects can be ignored. 
A scan size of 50  was used for all of the nano-friction experiments.  The scan 
angle was always set perpendicular to the major cantilever axis.  For each applied load, 
two standard SPM images of the friction signal (forward and reverse) were recorded at 
128 data points per line, and 128 lines per image.  After the applied load had been set as 
described above, the SPM tip was moved to a new image area by offsetting the 
nm
x  or  
displacement by 500 .  Hence, the recorded friction images represent the first 128 
y
nm
                                                 
* Intermittent contact mode is commonly called tapping mode. 
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traces in two directions over a surface that was not previously exposed to the SPM 
cantilever. 
The recorded SPM friction images were opened and analysed on a computer using 
IGOR Pro. 
3.8 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy was conducted using a Fisons Escalab 220IXL on 
several indenters by Daniel McCubbery[94] at the Bluescope Steel research 
laboratories.[95]  The indenters were demagnetised prior to imaging.  As the indenters 
are optically transparent with a smooth surface they are very difficult to focus on within 
the sample chamber of the XPS.  To facilitate focussing on the indenter’s top surface, 
the sample was raised in height until the electron yield was maximised.  As the 
indenters are insulating an electron flood gun at 4 eV  and 0.12 mA  was used to reduce 
localized binding energy (BE) shifts.  The BE scale was assumed to be linear.  
Adventitious carbon was used to check the calibration of the XPS, and to ensure that 
there was not a noticeable local shift in the BE spectrum.  An Aluminium Kα X-ray 
source and a 90° take off angle was used for all of the reported results.  For several 
samples a magnesium Kα X-ray source was used to confirm the nature of the observed 
peaks.  Ten local scans at a pass energy of 20 eV, and a step of 100 meV  were made for 
each peak used in the quantitative analysis.  The electron orbitals and sensitivity factors 
used for the quantitative analysis are presented in appendix C.  Following an initial XPS 
analysis, each indenter was etched by argon ions at 5 kV  until the elemental 
composition became constant (typically taking 5 to 15 minutes), and then subjected to 
another XPS analysis. 
3.9 Bulk polymer testing (tensile testing, DSC and DMA) 
PPO’s mechanical and thermal properties were analysed using standard bulk polymer 
testing regimes. 
Compression moulded cut samples were subjected to a tensile test at an extension 
rate of 5 minmm  using an INSTRON (model 4302) twin motorised lead screw 
universal testing machine.  The width and thickness of the tensile samples were 
measured at three different positions prior to testing.  The reported strain is calculated 
by dividing the change in crosshead position by the measured gauge length.  A gauge 
length of 80 mm  was used for the calculation of strain values. 
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A TA instruments DSC Q100 was employed for the differential scanning calorimetry 
(DSC).  The samples were weighed prior to the experiment, assuming a constant pan 
(Aluminium) mass.  A heating rate of 10 Po PC per minute was employed. 
A TA instruments DMA Q800 was employed for the dynamic mechanical analysis 
(DMA).  A typical sample dimensions were: length of 20 mm , width of 4 mm  and a 
thickness of 0.5 mm .  The samples were mounted in the double cantilever 
configuration.  The instrument was operated at a frequency of 1 Hz  with an amplitude 
of 20 mµ  and a preload force of 0.01 N . 
3.10 Micro-Raman spectroscopy 
Micro-Raman spectroscopy was used to observe if a substantial portion of a thin PS 
film is oriented by brushing with a velour cloth or by rubbing with a spherical glass 
indenter. 
A thin PS film ( wM  200,000 molg / ) on a 2CaF  window was brushed by hand 
against a velour cloth over a sliding distance of approximately 6 m . 
The micro-Raman spectroscopy spectrum were obtained using a standard Horiba-
Jobin Yvon HR800 with no modifications made to the instrument.  The excitation laser 
was a HeNe 20 mW , polarised 500:1 at a wavelength of 632.817 nm .  A holographic 
grating with 950 mmlines  was used in conjunction with an air cooled CCD detector 
(Wright Instruments Ltd.). 
When studying orientation effects of thin PS films, the lights in the room were turned 
off, a black cotton cloth was used to cover the micro-Raman spectroscopy instrument.  
A 100× objective lens was employed, using a capture time of 480 s .  It was found that 
the optimum signal to noise ratio was obtained with a confocal hole set at 300 mµ , and 
the slit set at 200 mµ .  It was found that the maximum intensity of the Raman signal 
was obtained with the half wave plate rotated to 160PoP and the analyser positioned at the 
horizontal setting (hence it was assumed that this is where the electric field vector of the 
laser and the analyser are parallel).  Consequently orientation studies were performed 
with the half wave plate orientated at 115Po P and the analyser at the horizontal (the 
analyser perpendicular to the plane of orientation of the incident laser). 
When studying orientation effects of the thick film, the same experimental 
parameters were used as for the thin film, except that the capture time was much smaller 
and the lights in the room were turned on. 
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4 Results 
There are two distinct sections of results.  One section presents the macroscopic 
friction measurements made using the laboratory built friction apparatus.  The other 
section presents observations of the consequences of plastic deformation to the polymer 
surfaces that has occurred during interfacial shear.  Plastic deformation is indicated by 
changes to the surface topography observed primarily with a SPM, but also with optical 
microscopy and micro-Raman spectroscopy.  The second section also contains 
measurements of mechanical, thermal and wear properties in situations where such 
results aid in the understanding of the presented results.  When appropriate, extra 
information regarding the calibration and capabilities of experimental equipment has 
been included.  Unless otherwise stated, all of the images presented in the remainder of 
this thesis were made by the SPM in intermittent contact mode. 
4.1 Macroscopic friction measurements 
The linearity of the load and friction signals recorded from the friction apparatus 
were tested by placing objects of known mass on the end of the cantilever.  The 
recorded masses for several objects are reported in Figures 4-1 and 4-2.  Both the 
friction and load signals drifted with time as shown in Figure 4-3.  The drift in the 
friction and load signals was negligible with respect to a typical experiment’s duration.  
Furthermore, the forces reported from the macroscopic friction experiments are the 
difference between the loaded and unloaded forces, and not the absolute value, thereby 
negating long time scale drift effects. 
 
Figure 4-1.  Linearity of the observed friction force signal. 
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Figure 4-2.  Linearity of the observed applied load signal. 
 
Figure 4-3.  Short term drift within the measured signals. 
The observed friction force was sensitive to different sliding mechanisms that 
occurred at the sliding interface.  For example, it was possible to distinguish between 
“smooth” sliding and “abrasive” sliding conditions.  “Smooth” sliding exhibited a 
relatively constant friction signal (except in stick-slip when it was a regular pattern) 
(Figure 4-4).  “Abrasive” sliding exhibited a changing friction signal that was often 
lower than that observed for smooth sliding with a comparable applied load (Figure 
4-5). 
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Figure 4-4.  Friction trace from "smooth" sliding.  PPO annealed at 82oC.  
Laboratory made indenter.*
 
Figure 4-5.  Friction trace from abrasive sliding.  PPO annealed at 250oC.  
Laboratory made indenter.*
                                                 
* Distance refers to the distance moved by the motor, measured by it’s encoder. 
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The polymer surface that was exposed to a single sliding pass of a glass indenter was 
examined by standard optical microscopy.  For “smooth” sliding conditions there were 
no apparent changes to the polymer surface (hence it was not possible to determine 
optically if sliding had taken place).  However, for “abrasive” sliding conditions, plastic 
deformation was clearly visible as grooves, scratches and/or film delamination (Figure 
4-6). 
 
Figure 4-6.  Optical microscope image of a scratch in PPO resulting from abrasive 
sliding.  Bar is 20 µm. 
The indenters (lenses) supplied by Edmund were difficult to employ.  For PS, PPO 
and PC they were only able to achieve “smooth” sliding when used in the as supplied 
condition, and then only for a small number of slides.  Once an Edmund indenter had 
progressed to abrasive sliding it had to be replaced.  After an Edmund indenter was 
rinsed with acetone and toluene, only “abrasive” sliding could be achieved when slid 
over PS, PPO or PC.  PMMA was the only polymer over which an Edmund indenter 
would slide in a consistent manner, irrespective of whether the indenter was in the 
supplied or washed condition.  The curved surface of a washed Edmund indenter 
showed clear grooves that are a consequence of mechanical polishing during its 
Sliding direction 
production (Figures 4-8 and 4-9).  The surface of an as received indenter contained an 
unknown substance over the top of the mechanically polished surface* (Figure 4-7). 
 
Figure 4-7.  The surface of an Edmund indenter in the as received condition. 
                                                 
* Correspondence was made with the supplier of the indenters.  The supplier stated that the indenters were 
supplied clean and were not coated with a foreign substance. 
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Figure 4-8.  The surface of an Edmund indenter after being washed with toluene 
and acetone. 
 
Figure 4-9.  Surface of an Edmund indenter after being washed with toluene and 
acetone.  A distinct mechanically polished morphology is visible. 
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The laboratory made indenters (Figure 4-10) were comparatively much easier than 
the Edmund indenters to employ.  When a sliding experiment shifted to “abrasive” 
sliding from “smooth” sliding, then washing the indenter in acetone and toluene allowed 
the following experiment to proceed by “smooth” sliding.  The laboratory made 
indenters were smoother than the cleaned Edmund indenters, and were difficult to 
image with the SPM as there were no distinct features. 
 
Figure 4-10.  The surface of a laboratory made indenter.  Please note the vertical 
scale is the same as Figure 4-8, but the roughness is less. 
A series of Edmund indenters were melted to form indenters with a similar profile to 
the laboratory made indenters.  The melted Edmund indenters friction properties were 
indistinguishable from the laboratory made indenters.  Furthermore, a melted Edmund 
indenter could be used a large number of times, and could be readily cleaned using 
acetone and toluene with out deviating to “abrasive” sliding conditions.  Hence it 
appears that it is the surface preparation (e.g. surface topology or contaminants) and not 
the glass type that is responsible for “abrasive” sliding after a normal Edmund indenter 
is washed with toluene or acetone. 
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The surfaces of both the Edmund and laboratory made indenters were examined by 
XPS.  A typical XPS spectrum of a Edmund indenter along with the peak designation is 
presented in Figure 4-11.  A typical spectrum of a laboratory made indenter along with 
the peak designation is presented in Figure 4-12.  The determined elemental 
compositions of each indenter before and after argon ion etching are presented in Tables 
4-1 and 4-2.  Rinsing Edmund supplied indenters with acetone and toluene significantly 
reduced the quantity of carbon at the surface.  The elemental composition of both the 
Edmund and laboratory made indenters was similar.  The laboratory made indenters had 
a small amount of calcium whilst the Edmund indenters contained a small amount of 
Boron.  It was not possible to determine the nature of the carbon (e.g. aliphatic versus 
aromatic) or the nature of the oxygen. 
 
Figure 4-11.  Edmund indenter after being rinsed with acetone and toluene, and 
consequently etched by argon ions. 
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Figure 4-12.  A laboratory made indenter after being etched by argon ions. 
 
Table 4-1.  Quantitative elemental analysis (XPS) of different indenters as used in 
the friction experiments. 
Element 
Edmund indenter 
(solvent cleaned) 
(Atomic %) 
Edmund indenter 
(as supplied) 
(Atomic %) 
Laboratory made 
indenter 
(Atomic %) 
O 57.4 46.9 48.3 
Si 26.5 20.3 22.2 
C 10.6 21.3 24.2 
Na   3.3   5.0   2.9 
K   2.3   3.3   0.9 
B <0.1   3.2    - 
Ba <0.1 <0.1 <0.1 
Ca    -    -   1.4 
Mg    -    - <0.1 
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Table 4-2.  Quantitative elemental analysis (XPS) of the indenters presented in 
Table 4-1 following argon ion etching. 
Element 
Edmund indenter 
(solvent cleaned) 
(Atomic %) 
Edmund indenter 
(as supplied) 
(Atomic %) 
Laboratory made 
indenter 
(Atomic %) 
O 55.2 57.1 62.4 
Si 27.2 27.7 23.9 
C   3.4   2.6 3.9 
Na   5.1   4.8 3.5 
K   2.5   2.1 1.5 
B   6.2   5.3 - 
Ba   0.4   0.4 <0.1 
Ca    -    - 3.6 
Mg    -    - 1.1 
 
4.1.1 Comparison of polymer friction signals 
The frictional force was measured over a range of applied loads for several polymer 
systems using laboratory made and Edmund supplied indenters (Figures 4-13 and 4-14 
respectively).  Each polymer system exhibited a unique frictional force-applied load 
relationship when the indenter radius was kept constant. 
In the case of stick-slip motion, the minimum friction at the initiation of the sticking 
was reported.  PMMA was the only polymer system to exhibit stick-slip motion 
observed by regular spikes in the friction signal. 
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Figure 4-13. Friction force versus applied load for several polymer systems using 
laboratory made indenters.  Typical indenter radius ~ 2.3 mm. 
 
Figure 4-14. Friction force versus applied load for several polymer systems using 
Edmund supplied indenters.  Typical indenter radius ~ 7.8 mm. 
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4.2 Plastic deformation of polymer surfaces 
As indicated in section 4.1.1 four different polymer systems were studied.  As each 
polymer system exhibited a distinct surface topography when examined by SPM, they 
will each have their own subsection. 
4.2.1 Polystyrene (PS) 
Both high wM  (200,000 g/mol) and Austrex 103 PS had a surface topography 
consisting of ripples running perpendicular to the sliding direction following a single 
sliding pass of a glass indenter under “smooth” sliding condition (Figure 4-15).  The 
width of the rippled region was measured from SPM images and was found to be within 
one standard deviation (after performing a linear fit using the least squares approach) of 
the diameter of elastic contact for a spherical indenter predicted by Hertzian mechanics 
(Figure 4-16).  In calculating the contact diameter, the thin PS film was assumed to be 
insignificant, hence the elastic moduli and Poisson’s ratio of the glass indenter and Si 
substrate were used.  The moduli and Poisson’s ratio employed in the calculations are 
listed in the appendix B. 
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Figure 4-15.  A typical surface topography of PS following a single sliding pass in 
smooth sliding conditions using an Edmund indenter. 
60 
61 
 
Figure 4-16.  Comparison of the contact width measured from SPM images (circles 
with crosses) with the calculated Hertzian contact diameter (represented by the 
straight line) for PS. 
Typically, the ripples were approximately 10-15 nm  in height, and 300-500 mµ  
apart.  No relationship between ripple spacing and indenter velocity (1-500 smµ ) 
and/or applied load (0.01-0.27 N ) could be determined.  Under low applied pressure 
the ripples were relatively sharp (Figure 4-17), but under higher applied pressure they 
were relatively more rounded (central region in Figure 4-15).  It was not unusual for 
sharp scratches parallel to the sliding direction to pass through the rippled region (often 
the ripples formed over the scratches).  Under very high magnification it was sometimes 
possible to find evidence of a hole preceding the ripple (Figure 4-18).  The form of the 
ripples resulting from sliding for Edmund supplied indenters was a function of their 
individual sliding histories as described in section 4.4. 
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Figure 4-17.  Image of ripple formation on PS produced by a Edmund indenter. 
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Figure 4-18.  High magnification of a ripple formed on crosslinked polystyrene.  
Note the hole just below the ripple. 
The spacing and height of the ripples formed were independent of the type of 
indenter used.  However, the laboratory made indenters produced ripples that were 
broad and appeared smeared under higher magnification (Figures 4-19 and 4-20) when 
compared to those produced by the Edmund supplied indenters. 
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Figure 4-19.  Ripples on a wM  200,000 molg  PS surface produced by a 
laboratory made indenter. 
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Figure 4-20.  A high magnification image of ripples on a wM  200,000 molg  PS 
surface produced by a laboratory made indenter. 
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The ripples were observed to form near the leading edge of sliding contact (Figures 
4-21 and 4-22).  The ripples were not fixed in one position, but rather were observed to 
reorientate when the direction of motion of the indenter was changed (Figure 4-22). 
 
Figure 4-21.  The terminating end of a single slide.  In this example the indenter 
was raised from the PS surface by a piece of contamination.  Sliding direction top 
to bottom. 
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Figure 4-22.  The terminating end of a single slide.  In this example the indenter 
was stopped and lifted from the sample.  One can also see the results of the 
inevitable arcing movement of the double cantilever holding the indenter as it is 
raised.  Sliding direction bottom to top. 
To further study the foundations of ripple formation, the effects of entanglement 
density were explored by examining the effects molecular weight and crosslink density 
on ripple formation. 
4.2.1.1 Molecular weight effects 
PS samples of wM  200,000 g/mol, 51,500 g/mol and 3,650 g/mol were studied.  wM  
200,000 g/mol and 51,500 g/mol showed ripple formation.  However, the wM  3,650 
g/mol sample showed gross plastic deformation of the film (Figures 4-23 and 4-24), but 
no ripple formation. 
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Figure 4-23.  Plastic Deformation of a wM  3,650 molg  PS film. 
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Figure 4-24.  High magnification of the plastic deformation of a wM  3,650 molg  
PS film. 
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4.2.1.2 Relationship between crosslink density and ripple formation 
As described in section 3.5 a SEM was used to crosslink thin films of PS.  A 
summary of the results from the crosslinking process are presented prior to reporting the 
friction properties of different crosslink density films. 
The measured beam current of the SEM was not proportional with the setpoint 
current over a large range of values (0-400 nA  - Figure 4-25).  However, for measured 
intensities over the range of 30–50 nA  it was assumed that the measured intensity was 
proportional to the setpoint intensity. 
 
Figure 4-25.  The relationship between the measured intensity and the setpoint 
intensity of the SEM beam current.  A linear fit is shown over a range of measured 
intensities larger than what was used experimentally for crosslinking. 
The SEM was able to crosslink regions of PS through the exposure of intense 
radiation in the form of an electron beam.  Once a polymer is crosslinked beyond the 
gelation point it is no longer soluble.  Successful crosslinking was self-evident when 
SEM exposed regions of the PS film remain coated to the Si wafer after washing it with 
toluene (Figure 4-26). 
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Figure 4-26.  Optical microscope photo of a crosslinked square – bar is 380 µm.  
The contrast is provided by destructive interference of light within the remaining 
thin crosslinked film.  The circle on the bottom right side, and the white region on 
the right side of the image are where the PS film is thicker due to a higher 
crosslink density.  A higher crosslink density is present on the right side of the 
image because the SEM dwells between each scan, and because the SEM travels 
this region an extra time between raster scans. 
The soluble fraction, as measured by ellipsometry was used to construct a Charsby-
Pinner plot (Figure 4-27).  A linear fit was made to the Charsby-Pinner plot: 
( )
dose
ss )2403513(092.0081.0 ±+±−=+  
where s  is the soluble fraction.  The gelation dose (the dose at which the soluble 
fraction plus the square root of the soluble fraction is equal to 2) was calculated as 1515 
nC ± 50 nC (± 1 standard deviation).  The gelation dose was then used to calculate the 
crosslink density for the samples that were exposed for a much longer period of time.  
In these calculations it was assumed that chain scission due to radiation was negligible 
as confirmed by a linear fit passing within one standard deviation of the origin in Figure 
4-27.  If chain scission was present, then the linear fit to the Charsby-Pinner plot should 
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pass through the y-axis (at infinite dose) significantly above the zero value as there will 
always be a soluble fraction.  Finally, the calculated crosslink strand density was added 
to the assumed entanglement strand density of PS ( 25103.3 ×=Ev  
3mstrands ) to 
determine the total strand density. 
 
Figure 4-27.  Charsby-Pinner plot[92] used to calculate the gelation dose and hence 
the crosslink density. 
The observed friction forces of the crosslinked PS samples were indistinguishable 
from uncrosslinked PS, and from each other, regardless of the crosslink density (Figure 
4-28). 
Crosslinked samples exposed to sliding friction at an approximate applied load of 
0.05 N  with an Edmund supplied indenter were imaged using a SPM.  It was observed 
that ripples were present on PS samples with a total strand density of Ev27.2  or less.  
Figures 4-29 to 4-31) show ripples present on relatively low crosslinked density PS 
surfaces.  It was thought that the different ripple formation in each of the figures is due 
to the condition of the indenter, and not a direct result of the polymer crosslink density.  
Clearly, for a total strand density of Ev36.3  or higher the rippling process was no longer 
prevalent (Figures 4-32 and 4-33). 
 
Figure 4-28.  Friction force versus applied load for different crosslink densities 
(laboratory made indenter). 
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Figure 4-29.  Ripples formed on a PS surface with v = 1.55  (Edmund supplied 
indenter). 
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Figure 4-30.  Ripples formed on a PS surface with v = 2.12  (Edmund supplied 
indenter). 
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Figure 4-31.  Ripples formed on a PS surface with v = 2.27  (Edmund supplied 
indenter).  Note that the ripples cover the scratch. 
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Figure 4-32.  Ripples are hindered from forming on a PS surface with v = 3.35  
(Edmund supplied indenter). 
Ev
 
Sl
id
in
g 
di
re
ct
io
n 
Figure 4-33.  Ripples are hindered from forming on a PS surface with v = 3.36  
(Edmund supplied indenter). 
Ev
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4.2.1.3 SPM friction measurement 
A SPM was used to make comparative measurements of the friction properties of 
different crosslink density PS films.  For many crosslink densities, the size and shape of 
the friction hysteresis loop (a complete trace in forward and reverse directions) changed 
with the number of scans when subjected to a relatively high applied load (Figure 4-34).  
The friction force for each applied load was calculated by dividing the area of the 
friction loop by the sliding distance.  The average friction signal over 128 scans above a 
critical applied load could be used to distinguish the different crosslink densities (Figure 
4-35).  In contrast, the initial friction signal (the average of the first three complete 
cycles) indicated that all of the samples had the same friction signal regardless of the 
degree of crosslinking (Figure 4-36(a)).  Further analysis showed that the friction signal 
from a low degree of crosslinking ( Evv = ) increased with the number of scans, whilst 
that from a high degree of crosslinking ( Evv 12.9= ) remained relatively constant 
(Figure 4-36(b)).  SPM cantilevers with the same nominal spring constant (0.12 mN ) 
and from the same wafer exhibited vastly different critical applied loads at which the 
size of the friction loop increased with the number of scans.  Some SPM tips showed an 
increasing friction loop with scan number for negative applied loads. 
 
Figure 4-34.  Friction traces for MW 200k PS with a normal load of 3.5V (every 
second point was not plotted for clarity). 
The real applied load could be approximated by multiplying the applied load in volts 
by the deflection sensitivity (70.73 Vnm ) and the nominal spring constant of the 
cantilever (0.12 ).  However it is difficult to approximate the real friction force.  
One approach to approximating the real friction force assumes that the cantilever is a 
rectangular prism, and then calculating the lateral spring constant from the cantilever 
dimensions.[96, 97]  Another approach requires measuring the friction properties of 
SiO
mN /
2 wafer, and then quoting a friction force relative to SiO2.[98, 99]  Both approaches 
are approximate at best, and were avoided due to large variations between cantilevers 
that have similar dimensions.  Hence the reported friction forces are relative only to 
each other. 
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Figure 4-35.  Average friction over 128 cycles for different crosslink densities of 
PS. 
 
(a) 
 
(b) 
Figure 4-36.  (a) The average friction of the first three cycles for different crosslink 
densities of PS. (b)  The average friction minus the friction of the first three traces 
for different crosslink densities of PS. 
The modulus of the stick region (referred to as contact stiffness) was also measured 
by averaging the slope over the first three data points (Figure 4-37).  It was found that 
the contact stiffness mimicked the observed friction trends.  The average contact 
stiffness was able to distinguish between the crosslink densities, but only above a 
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critical applied load (Figure 4-38).  The critical applied load was the same as that 
identified by the friction loops.  The initial contact stiffness (average of the first three 
traces) showed a linear relationship with the applied load and was unable to distinguish 
the different crosslink densities. 
 
Figure 4-37.  Measurement of the contact stiffness for cycles over the same region.  
200k PS under a normal load of 3.5V. 
 
Figure 4-38.  Average contact stiffness as a function of load for linear and 
crosslinked PS. 
It was also shown that holes were formed in the PS surface during some of the 
friction measurements (Figure 4-39).  No quantitative measurements of the holes size 
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were made with respect to the applied load or the crosslink density.  However, it is 
noted that the holes became deeper with increasing applied load, and with decreasing 
crosslink density. 
 
Figure 4-39.  Holes observed in the PS surface following SPM friction 
measurements (image made with contact mode). 
4.2.1.4 Annealing of rippled Structure 
A rippled section of wM  200,000 molg  PS was marked by the SPM in contact 
mode by scratching a square with an intermittent contact mode cantilever.  A region 
next to the square was imaged by intermittent contact mode, then annealed for 1 hour in 
a standard vacuum oven at the stated temperature followed by imaging the same region 
and further annealing.  The region before any annealing has taken place is shown in 
Figure 4-17.  The region following the final annealing cycle is shown in Figure 4-40.  
The roughness of each image was calculated using the digital instruments SPM 
software, with the results presented in Table 4-3.  The heights of the surface ripples 
were not observed to decrease until the sample was annealed at 102oC.  In a consistent 
manner, roughness of the PS as indicated by the RMS did not begin to reduce until the 
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sample was annealed at 102oC.  This is similar to the reported glass transition 
temperature of PS (~105oC). 
 
Figure 4-40.  PS surface as shown Figure 4-17 after the completion of annealing for 
1 hour at each of the following temperatures: 90oC, 96oC, 102oC and 112oC. 
 
Table 4-3.  The surface roughness of the same wM  200,000 molg  PS sample 
following annealing at the following temperatures. 
Annealing temperature RMS 
(oC) (nm) 
- 2.1 
  90 2.2 
  96 2.5 
102 1.3 
112 0.5 
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4.2.1.5 Micro-Raman spectroscopy of rubbed and brushed PS films 
PS exhibited a strong micro-Raman spectrum with the Raman active bands readily 
distinguished from the background noise (Figure 4-41).  Several of the PS Raman peaks 
are sensitive to the plane of polarisation, showing different relative intensities 
depending on the angle of the analyser with respect to the plane of polarisation of the 
incident laser used to induce the Raman spectrum.  For example, compare the relative 
intensities of the peaks at 620 1−cm  and 1001 1−cm  in Figures 4-41 and 4-42. 
 
Figure 4-41: Micro-Raman spectra of thick PS (half wave plate at 160PoP, no 
analyser). 
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Figure 4-42:  Micro-Raman spectra of PS, the analyser was perpendicular to the 
plane of polarisation of the incident laser. 
The Raman bands that are polarisation sensitive may show typical PS orientation by 
varying intensity when a drawn PS sample is rotated with respect to an incident 
polarised laser beam (Figure 4-43).  Of note the Raman band at 1001 1−cm  was 
strongest at a sample orientation of 60Po P and lowest at 0Po P and 90Po P(angle represents the 
difference between the plane of polarisation of the incident laser and the sample 
orientation).  In theory, the plane of polarisation of the incident laser could be rotated by 
employing a half wave plate, such that the sample does not need to be rotated, however 
it was observed that the micro-Raman instrument used was also sensitive to the plane of 
orientation of the polarised laser. 
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Figure 4-43:  Raman spectrum for a oriented PS sample at different orientations 
with respect to the polarised laser (analyser is perpendicular to the plane of 
polarisation).  The quoted angle is the difference between the sample orientation 
(tensile axis) and the plane of polarisation.  The spectra have been normalised such 
that the peaks at 620 1−cm  have equivalent intensity. 
It was possible to obtain a micro-Raman spectrum for a 29 nm  thick film on a CaFB2B 
optical window.  For thin films (29 – 138 nm thick), the intensity of the Raman 
spectrum was approximately proportional to the film thickness (Figure 4-44).  A hand 
brushed polystyrene film had a more intense peak at 1001 1−cm  when compared with an 
unbrushed film (the primary brushing direction was 60 Po P to the plane of polarisation of 
the incident laser) (Figure 4-45).  In a similar manner to the orientated thick PS sample, 
a maximum in the peak at 1001 1−cm  was observed when the plane of polarisation of 
the laser was incident 45 – 60 Po P with respect to the primary brushing direction.  The ratio 
of the peaks at 620 and 1001 1−cm  for a sample oriented at 60Po P to the plane of 
polarisation was much larger for the relatively thick drawn PS sample than for the 
brushed PS film.  Optical micrographs of the hand brushed film show scratches at ~ 30 PoP 
to each other (Figure 4-46). 
 
Figure 4-44:  Micro-Raman intensity of different film thickness of PS on CaF2.  
Each of the spectra was obtained under the same experimental conditions with the 
analyser perpendicular to the plane of polarisation of the laser. 
 
Figure 4-45:  Raman spectra of a brushed (brushing direction ~ 60o to the plane of 
polarisation) and unbrushed PS films (both are 29 nm thick).  These spectra have 
not been normalised. 
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Figure 4-46: Optical microscope image of a hand brushed 29 nm thick film on a 
CaFB2 B window.  Bar is 15 mµ .  Dark areas is where the film has been removed from 
the substrate. 
29 nm  thick PS films that were subjected to sliding by a glass indenter, and had 
formed ripples on the surface as observed by SPM, did not show any change in intensity 
of the peak at 1001 1−cm  (regardless of the sample orientation with respect to the plane 
of polarisation of the incident laser).  The PS films mounted on the CaFB2 B optical 
windows were much more likely to delaminate when exposed to a sliding glass indenter 
than PS films of a comparable thickness mounted on a SiO surface (Si wafer). 
4.2.2 Polymethylmethacrylate (PMMA) 
The observed friction force at a constant applied load for a glass indenter sliding over 
PMMA exhibited regular spikes that are typical of stick-slip motion (Figure 4-47).  
From the observed friction signal it was difficult to distinguish between “smooth” stick-
slip sliding and “abrasive” wear for PMMA.  However, when the stick-slip events were 
observed to be irregular or non-existent then it was assumed that “abrasive” sliding 
conditions must be prevalent. 
 
Figure 4-47.  A typical friction trace for an Edmund supplied indenter sliding over 
a PMMA surface. 
The surfaces of PMMA samples were studied by SPM following a single sliding pass 
by a glass indenter.  Similar to PS, sliding a glass indenter over a PMMA surface 
produced a unique deformation pattern that was visible by SPM, but not by optical 
microscopy techniques.  The width of the observed deformation was comparable to the 
contact diameter predicted by Hertzian mechanics.  Unlike PS, the deformation pattern 
consisted of separated elevated islands and not ripples (Figure 4-48). 
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Figure 4-48.  A typical PMMA surface topography following a single sliding pass 
of an Edmund supplied indenter. 
For each PMMA sample where regular stick-slip motion was observed, a curvature 
in the SPM image where the indenter was in the sticking phase is clearly visible.  The 
spacing of the curvature coincides with the slip distance reported in the friction distance 
trace (compare Figures 4-47 and 4-48).  The islands in the “stick region” are always 
larger than those in the slip only region.  For sliding conditions that produced large 
(>50µm) stick-slip wavelengths, the island morphology at the leading edge of contact 
during the sticking phase (Figure 4-49) was noticeably different to that at the trailing 
edge of contact (Figure 4-50). 
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Figure 4-49.  Leading edge of contact during the stick phase (15-30 µm on the 
vertical scale only). 
 
Figure 4-50.  Trailing edge of contact during the stick phase (15-25 µm on the 
vertical scale only). 
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The size of the stick-slip transition depended on the history of the indenter.  An 
Edmund supplied indenter in the as supplied condition produced a much larger (about 
double) stick-slip transition when compared with one that had been washed with toluene 
and acetone (Figure 4-51).  The stick-slip transition for a laboratory made indenter was 
very small or non-existent.  The PMMA surface topography following a single sliding 
pass of a laboratory made indenter was not studied. 
 
Figure 4-51.  Comparison of the stick-slip transition for an Edmund indenter 
(radius 7.75 mm) in the as supplied and washed conditions. 
4.2.2.1 Syndiotactic PMMA 
Syndiotactic PMMA undertook stick-slip motion that appeared similar to industrial 
grade PMMA.  However, crescents were formed on the surfaces that were observed 
with a standard optical microscope (Figures 4-52 and 4-53).  The crescent is formed by 
the accumulation of the island-like debris along the trailing edge of contact between the 
indenter and the polymer film during the slip phase, which is then deposited sometime 
in the stick phase (Figures 4-54 and 4-55). 
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Sliding direction
Figure 4-52.  Optical microscope photo of crescents that are present on the surface 
of syndiotactic PMMA following a single sliding pass with a glass indenter.  
Indenter sliding direction from right to left. 
 
Figure 4-53.  SPM image of a crescent formed on a syndiotactic PMMA surface 
following a single sliding pass with a glass indenter. 
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Figure 4-54.  The crescents were formed by the deposition of debris at the trailing 
edge of contact during the stick phase. 
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Figure 4-55.  Debris were removed from some sections of the syndiotactic PMMA 
surface, and not others. 
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As the crescents appear to be the accumulation of debris, much effort was made to 
selectively remove them from the underlying polymer film.  Techniques tried include 
blowing the surface with high purity dry nitrogen gas, washing in purified water in a 
ultrasonic cleaner for 20 minutes and mechanically wiping with a microscope lens 
cleaning cloth.  The only technique to have limited success was the mechanical wiping, 
and then only where the cloth scratched the syndiotactic PMMA film. Furthermore, the 
SPM in contact mode was unable to selectively move the debris that had combined to 
form a crescent without scratching the surrounding film.  The observation that the 
syndiotactic PMMA films exhibiting crescents were readily imaged using a SPM 
suggests that the debris are held secure to the polymer surface. 
4.2.3 Polyphenyleneoxide (PPO) 
The friction properties of spincoated PPO samples that were annealed separately at 
temperatures ranging from well below to well above the bulk gT  (~ 210P
o
PC) were 
observed.  All of the friction force measurements presented within this section were 
made using a laboratory made indenter with a radius of 2.6 mm .  All of the SPM 
images are of surfaces that were subjected to a single sliding pass by the aforementioned 
indenter under a ~ 0.098 N  normal load sliding at 2 smµ . 
The macroscopic friction force was observed to be a function of the annealing 
temperature, with the PPO samples falling into two distinct groups (Figure 4-56). 
One group of PPO sample exhibited a relative high frictional force, with samples 
being annealed at temperatures ranging from room temperature to 175PoPC.  The surface 
topography of this group exhibited ripples ~ 10 nm  high, oriented perpendicular to the 
sliding direction as a result of the sliding interaction with the glass indenter (Figures 4-
57 to 4-59).  The ripples resembled those observed on the surface of PS.  The 
wavelength of the ripples was both smaller (~ 200 mµ ) and with less variation than 
those observed on the surface of PS. 
The other group of PPO samples exhibited a relative low frictional force, and 
consisted of samples annealed at temperatures in the range of 200 to 250Po PC.  Samples 
from this group did not exhibit a distinct surface topography resulting from sliding 
interactions that could be resolved by SPM (Figures 4-60 and 4-61).  A series of 
scratches running parallel to the sliding direction were the only indication of plastic 
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deformation associated with a single sliding pass of a glass indenter when examined by 
SPM. 
 
Figure 4-56.  The effect of annealing temperature on the macroscopic friction 
properties of PPO ( 210≈gT C
o ). 
 
Sl
id
in
g 
di
re
ct
io
n 
Figure 4-57.  The surface topography of an annealed (82oC) PPO sample following 
a single sliding pass by a glass indenter. 
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Figure 4-58.  The surface topography of an annealed (125oC) PPO sample 
following a single sliding pass by a glass indenter. 
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Figure 4-59.  The surface topography of an annealed (175oC) PPO sample 
following a single sliding pass by a glass indenter. 
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Figure 4-60.  The surface topography of an annealed (200oC) PPO sample 
following a single sliding pass by a glass indenter. 
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Figure 4-61.  The surface topography of an annealed (225oC) PPO sample 
following a single sliding pass by a glass indenter. 
DSC experiments were performed on a set of PPO samples that were deposited from 
toluene solution into DSC pans (Figure 4-62).  The samples used for DSC were placed 
in the vacuum oven alongside the samples used in the friction study, and consequently 
were exposed to identical annealing conditions.  The thickness of the DSC samples was 
much greater than the thin film friction samples and was expected to influence the 
diffusion of the solvent out of the samples.  The samples annealed at 250 and 225  
exhibited a classic glass transition temperature at ~ 215 .  The samples annealed 
between and including room temperature to 225  exhibited a valley between 225 and 
245  that is attributed to the melting of the crystalline phase (please note that a 
corresponding peak indicating the formation of crystals was not observed on the cooling 
phase).  A clear point of inflection is present on the DSC traces between 140 and 
200  for PPO samples annealed between room temperature and 150 . 
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Figure 4-62.  DSC traces of PPO samples annealed alongside the friction samples 
presented in Figure 4-56. 
Several PPO samples were compression moulded and then exposed to toluene vapour 
inside a sealed glass container at room temperature for 3 hours.  Following this, one set 
of PPO samples was annealed at room temperature, whilst another set of samples was 
annealed at progressively higher temperatures up to 190 .   Co
Single cantilever DMA tests were performed on the compression moulded PPO 
samples (Figure 4-63).  The samples that were exposed to toluene vapour and annealed 
at room temperature exhibited a large drop in modulus at ~ 105  indicating that the 
glass transition temperature had been reached.  Both of the samples exposed to toluene 
vapour exhibited a substantial modulus after passing through the  indicating the 
presence of crystalline regions.  The sample that was not exposed to toluene vapour 
Co
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exhibited a relatively sharp  at ~ 215 .  The clear presence of a  at temperatures 
well below the known bulk  for equilibrium amorphous PPO allows that the points of 
inflection noted on the DSC traces (for samples annealed between room temperature 
and 150 ) may also indicate the respective ’s due to the presence of toluene. 
gT C
o
gT
gT
Co gT
 
Figure 4-63.  Storage modulus as a function of temperature.  Two of the samples 
were exposed to toluene vapour for 3 hours and dried in the vacuum oven at the 
stated temperature.  DMA test in the single cantilever configuration. 
Several PPO samples were compression moulded and then exposed to toluene vapour 
for 5 .  It was found that the sample’s mass increased by 13.5% due to the uptake 
of toluene.  Following the exposure to toluene vapour, the samples were annealed under 
vacuum for 2  at 100 .  The samples masses were still 1.8% greater than the 
mass prior to toluene vapour exposure.  Tensile tests were performed on samples that 
had been exposed to toluene and annealed, and to samples in the hot pressed condition 
(Figure 4-64).  Several attempts were made to anneal samples exposed to toluene 
vapour at temperatures greater than 150 , however the samples repeatedly formed 
large internal cavities (bubbles), most likely a signature of retained solvent turning into 
vapour. 
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Figure 4-64.  Typical tensile test results performed on PPO samples with and 
without toluene exposure. 
It was found that samples in the hot pressed condition were able to produce a stable 
neck that was able to grow along part of the sample.  The sample would typically fail in 
the necked region before the neck was able to grow along the full length of the sample.  
This behaviour was considered to be ductile. 
The samples that were exposed to toluene failed before reaching a yield stress.  There 
was no evidence of necking.  This behaviour was considered to be brittle.  If the hot 
pressed PPO samples were exposed to toluene vapour for substantially longer periods 
than 5  they would become so brittle after annealing that they would fail whilst 
attempting to mount them in the Instron tensile testing machine. 
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4.2.4 Polycarbonate (PC) 
PC was subjected to much less experimental work than PS, PMMA and PPO.  When 
PC was subjected to “smooth” sliding conditions, no characteristic change to the surface 
topography was observed when examined by SPM.  Indeed, one would only know that 
the surface had been subjected to sliding by observing the scratches left by an ageing 
indenter that had already began to exhibit abrasive sliding (Figure 4-65).  Because PC 
exposed to a single sliding pass by a glass indenter did not indicate plastic deformation 
that could be resolved by a SPM it was not studied in greater detail. 
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Figure 4-65.  The only sign that an indenter had been pushed over a PC surface 
was a series of scratches running parallel to the sliding direction.  The short light 
horizontal lines are artefacts from the SPM imaging process. 
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4.3 PMMA film thickness and friction 
The characteristic plastic deformation patterns formed on some polymer surfaces 
following a single sliding pass of a glass indenter were unexpected.  Film thickness 
effects were studied with the intent of learning more about the process for forming such 
patterns.  Initially PS was used to look for film thickness effects, however “smooth” 
sliding conditions could not be performed on a PS surface thinner than 40 nm  using an 
Edmund supplied indenter.  PMMA was then chosen to examine the effect of film 
thickness on friction due to its robust performance with the Edmund supplied indenters.  
All of the reported film thickness results were obtained from a series of Edmund 
supplied indenters with radii of 7.75 mm . 
The observed macroscopic friction force was independent of PMMA film thickness 
for thicknesses in the range of 15 nm  – 2 mµ  (Figure 4-66).  In addition, characteristic 
plastic deformation patterns were observed on each of the different film thicknesses 
studied.  Even for a PMMA film just 15 nm  thick, a deformation pattern exhibiting 
islands that are 10 nm  higher than the surrounding polymer surface were observable by 
SPM (Figures 4-67 and 4-68). 
 
Figure 4-66.  Frictional force of PMMA films of different thickness. 
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Figure 4-67.  Plastic deformation patterns on a 15 nm thick PMMA surface.  Note 
that the curvature of the glass indenter is noticeable, resulting from stick-slip 
motion. 
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Figure 4-68.  Plastic deformation patterns on a 15 nm thick PMMA surface.  This 
SPM image was from a region within Figure 4-67. 
4.4 Friction force dependence on surface deformation 
When using an uncleaned indenter supplied by Edmund the frictional force exhibited 
regions of different stiffness before stable dynamic sliding conditions were reached 
(Figures 4-51 and 4-69).  The stiffness of the first region represents the elastic stiffness 
of the cantilever.  The stiffness of the second region is from an unknown origin, and is 
much lower than the elastic stiffness.  When the indenter was washed using HPLC 
grade toluene and acetone preceding friction experiments, the second stiffness region 
disappears.  An Edmund supplied indenter that had been washed was unable to slide 
over PS without causing macroscopic deformation that was visible to the naked eye.  
The second stiffness region was not always present when an indenter was used at a 
lower load than used for previously.  A wM  200,000 molg  PS sample was used to 
study the plastic deformation that occurred during the second stiffness region (marked 
by tags A to F in Figure 4-69). 
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Figure 4-69.  The first slide on 200k PS using a new uncleaned Edmund indenter.   
The labelled stages refer to the following figures. 
For the PS sample referred to in Figure 4-69 the first point of contact was found 
using a SPM and marked by scratching a square with the cantilever.  The mark could be 
observed using the vision system attached to the SPM.  The vision system was 
calibrated by measuring a 10 mµ  calibration grating using a common ruler.  Following 
this the distances of each imaged region tagged in Figure 4-69 were measured and then 
imaged as shown in Figures 4-70 to 4-77.  The sliding distance was taken from the end 
of static contact when positioning the tags.  
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Figure 4-70.  SPM image of the PS surface at position “A” in Figure 4-69. 
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Figure 4-71.  SPM image of the PS surface at position “B” in Figure 4-69. 
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Figure 4-72.  SPM image of the PS surface at position “C” in Figure 4-69. 
 
Sl
id
in
g 
di
re
ct
io
n 
Figure 4-73.  SPM image of the PS surface at position “D” in Figure 4-69. 
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Figure 4-74.  SPM image of the PS surface at position “E” in Figure 4-69. 
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Figure 4-75.  SPM image of the PS surface at position “F” in Figure 4-69. 
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Figure 4-76.  SPM image of the PS surface at position “B” in Figure 4-69. 
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Figure 4-77.  SPM image of the PS surface at position “D” in Figure 4-69. 
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5 Discussion 
The reported experimental observations are discussed on two fronts; initially to place 
them within context of the published literature with the intent of validating the 
experimental procedure, and then an understanding of what friction processes may or 
may not be applicable is developed.  Both the measured frictional force and the 
observed plastic deformation patterns are discussed in detail.  Finally, a hypothesis of 
what may be occurring at the sliding interface is proposed. 
5.1 Analysis of the macroscopic friction data 
The friction force measurements were consistent with the trends presented in the 
general literature.  Friction force was not proportional to the applied load (Figure 
5-1(a)), as predicted by empirical friction law.  If the friction force was proportional to 
the Hertzian contact area, then the observed friction coefficient becomes large at low 
applied loads (Figure 5-1(b)).  This is because the friction force is relatively much larger 
than that predicted by the empirical friction law.  By making the empirical friction law 
equal to the adhesive friction law one can develop an expression that represents the 
observed trend of the friction coefficient at low applied loads: 
APF τµ ==  
but, the contact area calculated by Hertzian contact is given by: 
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hence, if the friction force is proportional to the Hertzian contact area, then µ  is given 
by: 
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The fit of friction coefficient using the above expression with 6.67=τ  MPa  was 
made, being labelled “Fit of shear stress” in Figure 5-1(b).  Clearly, assuming that the 
frictional force is proportional to the Hertzian contact area provides a significantly 
better description of the observed trends compared to the empirical friction law.  Such a 
trend was first reported by Pascoe and Tabor in 1955.[100] 
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(a) (b) 
 
Figure 5-1.  The empirical friction law does not hold.  (a) Observed frictional force 
as a function of applied load.  (b) The observed friction coefficient as a function of 
applied load.  Laboratory made indenter (radius 2.47 mm) sliding on PMMA. 
The general friction rule was not expected to hold, as the contacting surfaces are 
sufficiently smooth to have a contact area larger than that predicted by classical multi-
asperity contact.  The bulk elastic compression, δ , for Hertzian contact is given by: 
R
a 2
=δ  
where a  is the contact radius and R  is the radius of the indenter.  For most of 
experiments, 510−≈a  m , and 310−≈R  m , and hence 710−≈δ  m .  Now, the indenter 
surface is substantially more rough than the polymer surfaces, and the maximum height 
of asperities on the indenter is in the order of nm ’s (Figure 4-10), and so the standard 
deviation of the summit heights at its maximum must be in the single nm  scale.  For the 
majority of the applied loads studied, the combined roughness of both surfaces is close 
to or less than 5% of the elastic compression, meaning that a Hertzian stress distribution 
can be assumed.[17] 
Although modelling the friction force as a function of the Hertzian contact area 
provides a much better description of the experimental data than the empirical friction 
law does, it is not ideal.  The Hertzian contact area was not proportional to the frictional 
force over the entire range of applied loads studied (Figure 5-2(a)).  Moreover, it is 
evident that the shear stress increases with the applied load (Figure 5-2(b)).  
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Furthermore, there is much more noise in the calculated shear stresses for low applied 
loads. 
(a) (b) 
Figure 5-2.  The observed frictional force is not proportional to the Hertzian 
contact area.  (a) Measured frictional force as a function of the Hertzian contact 
area.  (b) Calculated shear stress as a function of the applied load.  Laboratory 
made indenter sliding on PMMA. 
The magnitude of the error associated with measuring both the friction and the 
applied load was independent of the applied load.  Hence, at relatively low applied loads 
the error will be proportionally higher than at high applied loads.  Although the shear 
stress shows larger variation at low applied loads, the measured friction force for all 
applied loads less than 0.1 N  was larger than predicted by the empirical friction law as 
shown by an increasing friction coefficient at low applied loads (Figure 5-1(b)). 
An increasing shear stress with applied load has been reported many times in the 
literature.[5, 15, 27-31]  It was observed that the shear stress is proportional to the mean 
contact pressure as calculated by Hertzian contact mechanics.  As the average contact 
pressure ( avep ) increases with contact area for a single radius indenter ( Apave ∝ ), the 
observed frictional force increases as: 
23AAF ξω +=  
where ω  and ξ  are constants. 
Comparing indenters of different radii shows further evidence of the proposed mean 
contact pressure effect.  Indenters of a smaller radii result in a higher frictional force for 
the same contact area due to a higher mean contact pressure (Figure 5-3).  However, the 
indenters of different radii show indistinguishable shear stress values when considering 
the mean contact pressure (Figure 5-4).  It can be seen from Figures 5-3 and 5-4 that the 
observed experimental error for the Edmund supplied indenters is much greater than 
that for the laboratory made indenters.  The relatively large error associated with the 
Edmund supplied indenters was probably due to the presence of an unknown foreign 
body (refer to section 4.4) that was progressively wiped off during the dry sliding 
friction experiments. 
 
Figure 5-3.  Comparison of the observed friction force for a laboratory made 
indenter (radius 2.47 mm) and an Edmund supplied indenter (radius 7.75 mm) 
sliding over PMMA. 
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Figure 5-4.  The calculated shear stress as a function of the mean contact pressure 
was very similar for the two different sources of indenters used to slide over 
PMMA.  The data set was the same as used for Figure 5-3. 
Each polymer system studied exhibited a linear relationship between the calculated 
shear stress and the mean contact pressure over the complete range of contact pressures 
studied (Figure 5-5).  For relatively low contact pressures there was much more noise in 
the calculated shear stress values than for relatively high contact pressures due to the 
relatively large amount of error associated with the use of Edmund supplied indenters 
(Edmund supplied indenters had larger radii compared with the laboratory made 
indenters).  The variation at low contact pressures cannot be due to the reported 
deviations associated with using indenters of small radii [12] as all of the indenter radii 
are above 2 mm  where the indenter radius effect become significant, and because the 
increased variation is associated with indenters of larger radii employed (Edmund 
indenters).  Indenters of small radii may result in an increase in the observed shear stress 
(e.g. PS and polyvinyl acetate) because the contact area is larger than predicted by Hertz 
due to films of finite film thickness, or they may result in a decrease of the observed 
shear stress (e.g. PMMA and polyvinyl alcohol) because the shear strength is contact 
time dependent.[12] 
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Figure 5-5.  The shear stress of each polymer system as a function of mean contact 
pressure.  The data used is taken from all of the measurements made using both 
indenter systems. 
A linear fit of the shear stress versus the mean contact pressure was made for each of 
the annealed polymer systems studied.  From examination of the fitting parameters in 
Table 5-1 it becomes clear that the shear stress at zero applied load ( 0τ ) and the 
observed pressure dependence (α ) are of the same order of magnitude as for published 
friction studies (Table 2-2).  Moreover, they bear a closer resemblance to the observed 
pressure dependence of the yield shear stress of bulk polymer samples (Table 5-2) than 
they hold to published friction studies. 
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Table 5-1.  Fitting parameters of the lines of best fit graphed in Figure 5-5. 
Polymer 
0τ  
)(MPa  α  
PMMA 4.16.38 ±  01.010.0 ±  
PS 4.15.24 ±  01.013.0 ±  
PPO 0.16.19 ±  01.005.0 ±  
PC 2.56.16 ±  08.006.0 ±  
 
Table 5-2.  Values for 0cτ  and cµ  from the literature for bulk deformation with an 
imposed hydrostatic compression. 
Polymer 
0
cτ  
)(MPa  cµ  Method Reference 
PMMA 52.8 0.211 Coulomb yield criterion [101] 
PMMA 45.7 0.258 Coulomb yield criterion [102] 
PS 40.0 0.25 - [103] 
PC 32.9 0.076 Coulomb yield criterion [104] 
 
It has long been known that increasing hydrostatic pressure increases the yield shear 
stress for bulk polymer samples.  The Mohr-Coulomb criterion was the first model to 
adequately describe the pressure dependence of the yield shear stress.[102]  The 
criterion states that yielding will occur when the shear stress on any plane reaches a 
critical value ( cτ ) that is proportional to the stress normal to that plane: 
nc
o
cc σµττ −=  
where ocτ  and cµ  are material constants and nσ  is the stress acting normal to the plane 
of failure. Both the Tresca and von Mises yield criterion are often modified to allow for 
hydrostatic pressure effects by assuming a pressure dependent shear stress.  The shear 
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flow stress following yield should also be a function of the hydrostatic pressure, 
however typical values do not appear to be reported in the literature. 
Remarkably, the pressure dependent shear stress measured for sliding friction is 
more than half of the corresponding values for bulk deformation.  A pressure dependent 
shear stress implies that plastic deformation of the polymer film must be taking place.  
It is not known if the pressure dependent shear stress is due to a pressure dependent 
yield or flow shear stressTP* PT. 
Although the interfacial shear stress is of a similar magnitude to bulk shear stress 
values, it was not expected to observe such a correlation.  Assume the effective strain 
rate of the polymer film, ε& , to be: 
h
x&& ≈ε  
where x&  is the velocity of the indenter and h  is the thickness of the polymer film.  
Then a film 100 nm  thick with an indenter velocity of 2 smµ  would be strained at a 
rate of 20 1−s  (assuming that the entire film thickness is deformed), which is 
considerably faster than the tests used to measure the bulk shear stress.  Besides, the 
observed frictional shear stress for PS appeared to be independent of indenter velocity.  
It is well known that glassy polymers, like many materials, exhibit a rate sensitive shear 
yield stress, implying that the faster the strain rate of the test the higher the observed 
yield and flow shear stresses.  If the bulk shear stresses reported in Table 5-2 were for 
comparable strain rates to the current friction study, then the values would be much 
higher, and ductile flow would be unlikely to occur.  It appears that the observed 
similarities between the trends of the friction shear stresses and the bulk shear stresses 
indicates that yielding and flow processes may be in operation, but direct equivalence of 
the values is coincidental. 
Each of the polymer systems studied exhibited shear stress as a simple function of 
the average contact pressure, independent of the type of indenter used.  Experimental 
data included indenters with different surface preparations, (mechanically polished and 
flamed) and from different glass types (soda glass, BK7, SF11).  It is well known that 
the friction coefficient is not typically a material property, but depends critically on the 
system employed.[73]  Having the same shear stress trends for different types of glass 
                                                 
TP
*
PT Yield is the point when plastic deformation begins, whilst flow is the plateau that often occurs between 
the yield point and the increase in stress prior to rupture. 
indenters suggests that the mechanisms occurring at the sliding interface must be similar 
for each type of indenter.  Furthermore, if plastic deformation is taking place, then it is 
most likely occurring within the polymer film and not the indenter.  Practically, it is 
expected that the properties of the polymer film should govern the sliding conditions 
because the hardness of the polymer film is much less than the indenter. 
The observed experimental results are consistent with the action of lubricants as 
described in section 2.3. 
It has been shown that the friction force results for the annealed polymer films fit the 
trends presented in the general literature.  Evidently, the friction force can be predicted 
by considering a pressure dependent shear stress.  Such a relationship was illustrated by 
comparing indenters of different radii under similar applied forces.  Furthermore, it was 
implied that shear deformation of some form must be occurring within the polymer 
film. 
5.2 Analysis of the plastic deformation of the rubbed surfaces 
The examination of plastic deformation occurring to the surface of a material after a 
single sliding pass of a relatively hard indenter is consistent with scratch test 
methodology.  “Friction” studies tend to report the measured friction properties in stable 
sliding conditions that occur after several sliding passes have taken place.  Whilst the 
approach of this thesis is consistent with scratch tests, inferences will be made regarding 
the processes occurring at the interface and hence some of the foundations to friction 
properties of sliding polymer surfaces. 
Electron microscopy of the topography of polymer surfaces following a single 
sliding pass of an indenter has been performed in numerous studies.  For example M. 
Bonne et al.[33] presented SEM images of debris left by brittle failure occurring from a 
scratch test on PMMA.  The scale of the deformed surface structure reported in SEM 
studies of scratch tests are several orders of magnitude larger than the features observed 
by SPM presented within this thesis.  Indeed, the features presented within this thesis 
would be less than the resolution of many general purpose SEM’s.  In addition, it is not 
obvious to use a SPM for examining permanent deformation of a surface if debris are 
thought to be present, as they are likely to interact with the SPM tip, creating artefacts 
and making imaging difficult. 
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According to published scratch deformation maps, the experimental conditions 
employed within this thesis should result in elastic sliding conditions.[32, 33]  However, 
the observed frictional shear strength is a function of the applied contact pressure 
inferring that yield and some plastic deformation is occurring.  From the presented SPM 
images plastic deformation of the polymer surface does occur with a form dependent on 
the polymer system employed.  Perhaps plastic deformation at a similar scale has not 
been studied before because it was not expected to be there?  Unlike much of the scratch 
damage studied by SEM there is no indication optically that plastic deformation of the 
polymer has occurred. 
The observed plastic deformation of the four different polymer systems studied is 
discussed separately.  From the results chapter it is apparent that a major proportion of 
the experimental work performed was on the PS system.  Hence, the plastic deformation 
of PS is discussed in the greatest detail.  The influences of film thickness and the 
applied frictional force are discussed separately. 
Before any experimental data can be used to support an argument and to discount 
other arguments, it needs to be compared and justified with respect to the literature.  
Many of the experimental observations form discrete studies in their own right, and 
need to be compared with similar studies before they are employed within the main 
argument of the thesis, although this approach at times restricts the continuity of the 
thesis. 
 
5.2.1 Plastic deformation of polystyrene (PS) 
A single slide over the surface of PS by a glass indenter produced a rippled structure 
oriented perpendicular to the sliding direction (Figure 4-15).  The only literature 
regarding a rippled structure of a similar scale resulting from friction processes was 
reported by Luengo et. al.[79]  They reported the formation of 10  high long 
wavelength ripples on the surface of PnBMA, after sliding it over a mica surface.[79]  
The ripples reported by Luengo et. al. were thought to be short lived, as they were only 
observed in-situ to the sliding process by observation of FECO fringes (they could not 
be imaged after the two interacting surface were pulled apart). 
nm
In similar experiments on bulk polymer samples, Bethune[35] reported a surface 
roughening of PS before cracking when examined by SEM, however a clear description 
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or image of the surface roughening was not provided.  M. Bonne et al.[33] have shown 
SEM images of debris left by brittle failure during scratching of PMMA, however the 
scale of the debris are much larger than the observed ripples and the applied loading 
conditions are very different to those employed in this thesis.  Kang and Eiss[105] 
observed ripples by SEM that resulted from fretting wear of polysiloxane-polyimide 
copolymer coatings.  Although the ripples reported by Kang and Eiss are two to three 
orders of magnitude larger in scale than the ripples observed within this thesis, they bear 
a striking resemblance. 
The ripples observed by Kan and Eiss gradually extruded out of the contact region 
perpendicular to the sliding direction.  Kan and Eiss did not attempt to predict what 
mechanisms or stresses may be present to form these ripples, however they proposed 
that the observed ripples are the result of transport of material from the contact region 
toward the periphery of the contact.  If the ripples observed by Kan and Eiss were 
actually rolls of polymer that are moving back and forward with the indenter’s motion, 
then it is feasible that they would continually become longer in a similar fashion to 
pizza dough being rolled under a hand. 
For PS there is no direct evidence from the SPM images to distinguish if the ripples 
are wear debris rolled onto the surface, or portions of the polymer film that have not 
been entirely broken free from the polymer film.  
The form of the ripples can be readily considered as a wave.  The amplitude of the 
ripples is very small, typically in the range of 5 –10 nm  with a wavelength at least 20 
times their amplitude.  The ripples represent a negligible portion of the overall PS 
volume, and did not make a noticeable change to the real surface area.  The energy 
required to form these ripples either with respect to the plastic deformation, or the 
change in surface area is insignificant when compared to the work consumed by friction 
(W ): 
FdW =  
where F  is the measured friction force and d  is the sliding distance. 
Historically, scratch and friction publications attempt to explain the presence of 
plastic deformation in terms of the assumed contact mechanics and the relevant 
mechanical properties of the material.  PS is well known for being brittle under tensile 
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loading, consequently a good place to start the discussion of possible mechanisms is to 
see if classically predicted tensile stresses are responsible for the observed ripples. 
Assuming classical contact mechanics for an elastic material with a smooth sliding 
circular contact interface, tensile stresses should develop in accordance to the model 
proposed by Hamilton and Goodman[18, 19].  According to the Hamilton and Goodman 
model, if the surfaces are sufficiently smooth, then a large tensile stress should develop 
at the trailing edge of contact (Figure 2-1).  The presence of large tensile stresses at the 
trailing edge of contact between a moving spherical indenter and a stationary flat was 
confirmed by the observation of appropriately located cracks in PS.[35]  If the surfaces 
are sufficiently rough, resulting in multi-asperity contact, then tensile stress should form 
at the trailing edge of each asperity with the possibility of small cracks opening.[42] 
For a smooth sliding spherical indenter the tensile stress field has an approximately 
semicircular shape reaching its maximum at the trailing edge of contact.[18]  
Furthermore, one would expect to observe the shape of the tensile stress field in both 
the shape the ripples in the plane of the surface (for example refer to the shape of the 
cracks in Figure 2-8), and the shape of the termination end of sliding.  The reason is that 
cracks leading to brittle failure should follow the plane normal to the maximum 
principal stress. 
It is apparent from the presented SPM images of ripples present on a PS surface 
following sliding, that the ripples are almost straight over a scale of 10 mµ  or more and 
do not indicate any curvature on the scale of the circular contact patch (Figure 4-15). 
To clarify if the ripples are forming near the trailing edge of contact of the indenter 
by the maximum principal tensile stress, the termination end of the slide was examined 
by SPM (Figures 4-21 and 4-22).  It was found that the rippled region at the termination 
end of sliding contact was convex (the opposite to what was expected).  Clearly the 
tensile stress field calculated by the Hamilton and Goodman model for smooth sliding 
contact are not responsible for the ripple formation. 
A clear alternative to one large circular contact patch between the indenter and the 
polymer surface is the existence of a number of isolated contacts.  A multiasperity 
contact should result in a separate tensile stress region occurring near the trailing edge 
for each of the contacting asperities (as proposed by Yang and Wu[42]).  The expected 
result for a multiasperity contact is long lines of short ripples running parallel to the 
sliding direction (the ripples are perpendicular to the sliding direction, but the line of 
ripples is parallel to the sliding direction) that correspond to each of the contacting 
asperities.  Limited evidence of lines of ripples exists in moderate to highly crosslinked 
PS (Figure 4-33).  However, it is pertinent to note that the presence of such ripples in 
the relatively high crosslink density samples does not correspond to grooves left by 
sharp asperities, although they may be linked to the presence of more prominent blunt 
asperities. 
Clearly, in assuming either a large single contact patch or multi-asperity contact, the 
formation of debris by brittle failure requires the formation and opening of a craze.  It is 
assumed that a crack would meet the surface at a blunt angle.  Deformation of the 
polymer film parallel to the free surface is restricted by adhesion to the substrate.  
Cracks usually do not form in brittle polymers until a craze has formed and opened.  
However, the polymer films used are very thin, and hence a craze cannot open unless 
there is slip between the polymer film and the substrate.  If slip between the polymer 
film and substrate occurred, one would expect to see delamination of portions of the 
film simultaneously to the opening of a crack.  Observation of the presented SPM 
images shows that the polymer film exposed to sliding friction has not delaminated 
anywhere. 
Evidently, a crack opening mechanism due to a tensile stress at the trailing edge of 
the indenter or asperities is not responsible for the formation of the observed ripples.  
There are three strong arguments to indicate the idea that a crack opening mechanism, 
or a tensile stress predicted by Hamilton and Goodman is not feasible: the ripples did 
not indicate a curvature that would be associated with the principle stress region; the 
ripples were already formed near the front edge of sliding contact; and, no film 
delamination is apparent in the presented SPM images.  A more developed 
understanding of brittle failure within polymers and the processes occurring at a sliding 
interface is required to understand why the ripples were forming. 
 
5.2.1.1 Thermal recovery of the ripples 
Before discussing the polymer properties that lead to the ripple formation, some 
comment should be made confirming the composition of the ripples.  It is believed that 
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the ripples are composed of PS, however the experimental evidence indicating that the 
ripples are PS is based on the elimination of other possibilities. 
The experimental system was kept as clean as practically feasible without the aid of 
clean room facilities, a laminar flow fume hood or a vacuum chamber for performing 
the friction experiments within.  It is believed that absorbed layers of contaminants 
would have formed on both the polymer and the indenter surfaces from the laboratory 
atmosphere prior to conduction of friction experiments.  It should be noted that the 
University of Wollongong is located within a seaside community, and hence the 
humidity would be relatively high in comparison to many laboratories around the world.  
The ripples could be produced by laboratory made indenters that were made by melting 
glass.  Any organics present on the glass prior to the flame/melting treatment would 
have oxidized and/or decomposed.  Therefore it is assumed that the only material 
available to form the ripples is material from either the indenter or the polymer film and 
contaminants absorbed from the atmosphere. 
Furthermore, the ripples are indistinguishable from the polymer film in the phase 
image when imaging in tapping mode, suggesting that the surface energy and the 
mechanical properties are very similar to PS. 
To test if the ripples had similar thermal properties to PS, the rubbed PS films were 
annealed in vacuum oven at different temperatures.  It was observed that the ripples 
began to flatten when heated within the proximity of the bulk  of PS, ~ 105gT
oC 
(section 4.2.1.4).  Clearly, the ripples thermal properties are similar to that of bulk PS.  
However, the ripples are present on the surface, and it has been proposed that the 
surface properties of polymers are different to those of the bulk.[62-70, 106-108]  T. 
Kerle et. al.[109] observed that the recovery of artificially roughened PS surfaces begins 
at temperatures as low as 75oC. 
T. Kerle et. al. reported the recovery of artificially roughened PS surfaces as a 
function of annealing temperature and annealing time.[109]  The surface recovery was 
observed by measuring the peak height distribution.  It was found that recovery was 
initially observed by a significant reduction in the number of asperities whilst 
maintaining a similar typical asperity height.  A large proportion of asperities rapidly 
disappear leaving asperities that take a relatively long time to smooth out without really 
disappearing. Such a reduction in the number of asperities whilst maintaining a typical 
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asperity height would not result in a change of the RMS measurement.  The reason why 
some asperities rapidly disappear whilst others remain that are of a similar sharpness is 
not explained or justified (the mathematical technique used to identify asperities should 
allow for an increase in the typical asperity height after a small amount of smoothing of 
the surface). 
The friction produced ripples did not disappear rapidly when annealed, indeed they 
did not show any noticeable smoothing until they were annealed at 102oC.  In contrast, 
T. Kerle showed that the artificially roughened PS surfaces exhibited substantial 
smoothing on samples of comparable molecular weight that had been annealed at 90oC 
for 2 hours (this substantial smoothing is in addition to the rapid disappearance of 
asperities over a shorter time scale).[109]  The reasons behind the difference in surface 
smoothing between the artificially roughened PS surface reported by T. Kerle et. al. and 
the friction induced ripples observed in this thesis are unknown.  What makes the 
contrast more remarkable is that the ripples are assumed to result from plastic 
deformation.  It is expected that a highly deformed polymer should exhibit a  lower 
than that of an annealed polymer. 
gT
The ripples begin to substantially smooth near the bulk  of PS indicating that they 
are probably PS or a mixture dominated by PS.  It should be noted that the annealing 
was performed under vacuum that should encourage the evaporation of a water-like 
contamination layer at a much lower temperature. 
gT
 
5.2.1.2 Entanglement density and the formation of the ripples 
Whatever the cause of the ripples, if they are made of PS then plastic deformation of 
the polymer film must be involved.  After yielding has taken place, plastic deformation 
of polymers is restricted by entanglements.  The entanglement density restricts the 
degree of strain localisation.  Before discussing the influence of crosslinking on the 
formation of ripples it is necessary to introduce the concept of entanglement and its 
influence on plastic deformation. 
Entanglement of the polymer chains is the reason why covalent bonds need to be 
broken on large polymer molecules as a precursor to physical failure.  The entanglement 
density can be used to predict if the plastic deformation of an annealed glassy polymer 
under tensile loading will be ductile or brittle.  Critical to the formation of 
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entanglements are suitably long polymer chains.  The length of a polymer chain is 
typically characterised by the number average, nM , and the weight average, wM . 
If the polymer chains are relatively short (low nM  and wM ) and the polymer is 
subjected to a significant tensile stress, then the chains will pull out from each other and 
failure will result without significant plastic deformation. 
Now, if one increases the length of the chains (moderate nM  and wM ), then the 
amount of plastic deformation will increase before chains pull out leading to failure. 
By increasing the length of chains further, a tangled structure will form.  Chains are 
no longer able to pull out of each other, and failure cannot occur without the breaking of 
covalent backbone bonds.  The stress required to break the covalent bonds is lower than 
the stress required for chain pull out.[110]  Consequently, covalent bonds are broken 
when failure occurs because the chains have become entangled in each other, with the 
phenomenon referred to as “entanglement”. 
There are many experimental techniques that are able observe and measure the 
spacing of entanglements.[111]  Polymers of sufficient molecular weight exhibit an 
intermediate rubbery plateau when shear modulus experiments are performed as a 
function of frequency at temperatures above gT  (Figure 5-6).  The rubber plateau is due 
to the presence of entanglements within the polymer structure resisting viscous 
deformation.  Within Figure 5-6 the high molecular weight polyisobutylene exhibits a 
rubber plateau region whilst the low molecular weight polyisobutylene does not.  The 
width and height of this rubber plateau are related to the number of entanglements per 
molecule.[111]  The molecular weight between entanglements, eM  can be calculated 
from the shear storage modulus, 'G  at the point of inflection in the stress relaxation 
curve using the theory of rubber elasticity: 
'G
TR
M gase
ρ
=  
where gasR  is the universal constant, T  is the absolute temperature and ρ  is the 
density. 
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Figure 5-6.  Complex dynamic shear modulus versus frequency of two different 
molecular weights of polyisobutylene at 25Po PC.  Taken from Porter and 
Johnson.[111] 
Below gT , plastic deformation of polymers is restricted by the slippage of 
entanglements.  Such is the limitation to chain sliding that entanglements are often 
modelled as temporary physical crosslinks between the polymer chains.[111]  Just as 
the number of crosslinks between polymer chains can be different leading to different 
crosslink densities, so too can the entanglement density vary.  The critical difference is 
that the entanglement density is unique to a specific polymer and cannot be altered in 
the melt or glassy amorphous state.  The entanglement density is normally reported as 
the strand density, Ev .  A strand is defined as the length of polymer between two 
entanglements.  Ev  is defined as: 
e
A
E M
Nv ρ=  
where ρ  is the density of the polymer, and AN  is Avogadro’s number.  In turn, Ev  is 
the number of strands per unit volume.  Moreover, if the conceptual entanglement is 
pictured as a physical point, then the entanglement density will be half of the strand 
density. 
Each polymer has a unique entanglement density.  Entanglements are able to restrict 
the localisation of plastic deformation through inhibiting the relative motion of polymer 
chains.  Experimentally, it has been shown for thin films of a series of homopolymers, 
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copolymers, and polymer blends that crazing and shear yielding deformation varies 
systematically with Ev .[86] 
Chains within a polymer with a high entanglement density ( 25108×>Ev  
3mchains ) are unable to undergo large amounts of displacement relative to each other.  
The samples are unable to thin appropriately to probe the fibrillation and void creation 
process essential to craze formation.  These polymers only display shear yielding[86, 
112] and typically exhibit ductile deformation under all multi-axial loading states. 
When the entanglement density is low ( 25104×<Ev  
3mchains ), polymer chains 
are able to undergo much more displacement relative to each other than polymers with a 
high entanglement density.  These polymers are able to thin and undergo craze 
deformation leading to brittle failure in tension, but ductile deformation in compression 
or shear loading.[86, 112] 
Polymers with a moderate entanglement density ( 2525 108104 ×<<× Ev ) exhibit 
both crazing and shear yielding. [86, 112] 
A craze refers to a localized region of polymer that has undergone extremely high 
amounts of localized plastic flow, forming void containing microdeformation zones.  A 
craze consists of fibrils of diameter 5-30 nm  that are drawn from the surfaces on either 
side of it.[86]  Essential to the formation of crazes is the cavitation to form voids that 
are between the fibrils.  Practically, a ‘whitening’ is normally observed prior to brittle 
failure of a polymer due to crazing.[113]  The ‘whitening’ is the result of a lower 
density within the crazed region resulting in a different refractive index and reflection of 
light from the craze surfaces.   
Typically materials are brittle because they are unable to plastically deform to absorb 
energy, however polymers that fail by crazing are brittle because the local mobility and 
ductility of the polymer is too high resulting in plastic deformation over a very small 
region.[86]  An increasing entanglement density restricts the localisation of strain, 
spreading plastic deformation over a far greater volume, thereby reducing the brittle 
nature of the polymer. 
By definition void creation, an increasing volume and a decreasing density must 
accompany craze formation and growth.  However, many applied loading conditions 
inhibit the formation of crazes because volume creation processes are not favourable.  
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Hence, craze formation is promoted by hydrostatic tension and inhibited by hydrostatic 
compression.  When crazes are prevented from forming, polymers that normally form 
crazes in tensile loading will exhibit yield and ductile flow. 
By observing the initiation of surface crazes in PMMA undergoing plane stress 
deformation, Sternstein and Ongchin[114] proposed that the condition for crazing is: 
21
21 σσ
σσ
+
+≥−
BA  
where 0<A and 0>B , 1σ  and 2σ  are the principal stresses.  A and B are material 
parameters which depend on temperature and time.  The important point expressed by 
the criterion is that both a shear component, given by the difference 21 σσ − , and a 
dilation component, described by the sum 21 σσ + , are necessary prerequisites for the 
formation of crazes.  The implication is that the polymer will fail by crazing or shear 
yielding depending on which mechanism has the lowest combined stress, as shown in 
Figure 5-7.  For all combinations of tensile biaxial stress, crazing will dominate failure.  
For all combinations of compressive biaxial stress, shear yielding only will occur.  For 
pure shear loading ( 21 σσ −= ) plastic deformation will occur by shear yielding. 
 
Figure 5-7.  Envelopes defining crazing and shear yield for PMMA.  The shear 
yielding region is defined by the pressure modified von Mises yield criterion.[114] 
The crazing criterion proposed by Sternstein and Ongchin is empirically based.  
Bowden and Oxborough[115] produced a modified version in which crazing occurs 
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when the tensile strain in any direction attains a critical value, ce , that is a function of 
the hydrostatic stress: 
321 σσσ ++
+=
DCec  
where C and D are time-temperature dependent parameters analogous to A and B. 
 
There are several ways one may experimentally alter the apparent entanglement 
density including: selecting different polymers; blending miscible polymers that have 
substantially different entanglement densities; and, crosslinking polymers. 
Commercially available polymers have a wide range of entanglement densities.  It is 
well reported that there is an excellent correlation between the wear rate of many 
polymers and the inverse of the product of the breaking stress and the elongation to 
break.[7, 8, 41]  The elongation to break for many glassy polymers is a function of the 
entanglement density.  So it is expected that the wear rate of many polymers should also 
show a good correlation with the entanglement density.  However, different polymers 
have different surface energies and moduli, both of which are thought to influence the 
polymer’s frictional properties. 
There are not many combinations of polymers that are fully miscible over a wide 
range of concentrations that have vastly different entanglement densities.  PS-PPO 
blends are one exception with PS having a low entanglement density and PPO having a 
high entanglement density. Yang and Wu[43] produced a set of model polymer systems 
with different entanglement densities by mixing PS-PPO blends at different relative 
concentrations of PS and PPO.  By studying the wear rate of different PS-PPO blends 
Yang and Wu were able to vary the entanglement density and have proposed a link 
between craze breakdown and wear rates based on a mechanism of cracks opening at 
the trailing edge of contact for each asperity.  Again, PS and PPO have different surface 
energies and mechanical properties leading to a difference in observed frictional 
properties. 
Crosslinking of polymers is the only technique that is able to shift the pseudo 
entanglement density whilst maintaining constant elastic moduli, yield strength and 
surface energy.  However, it is often difficult to crosslink a bulk polymer in a careful 
and controlled manner.  For example, many crosslinking techniques expose the polymer 
to some form of electromagnetic radiation.  In some polymers the rate of chain scission 
arising from the radiation is greater than the rate of crosslinking (for example PMMA).  
There is little literature regarding the friction properties of crosslinked glassy polymers 
(there are many papers regarding crosslinked polyethylene, however polyethylene is not 
in the glassy state).  For a polymer to be useful for such experiments it has to have a low 
entanglement density but able to be crosslinked.  PS is typically very resistant to 
radiation and it is often difficult to crosslink bulk samples.  However, the thin films 
used in this thesis are ideal for crosslinking in an SEM, a process that would not be 
effective for crosslinking a bulk sample. 
To investigate the nature of the ripple formation process, PS was crosslinked to 
different degrees and subjected to sliding friction followed by SPM investigation.  It 
was found that at a total strand density between  and  the ripple formation 
process was critically suppressed (section 4.2.1.2).  An increasing strand density created 
by crosslinking restricts the ability of an amorphous polymer to localize strain. 
Ev27.2 Ev36.3
Henkee and Kramer[86] showed that under tensile loading the deformation of PS 
changes from shear deformation, only to crazing and shear deformation as the total 
strand density is decreased through .  Clearly the ability of PS to be able to 
localise strain is essential to the ripple forming process (Figure 5-8).  If the observation 
of ripples is assumed to be an indication of a change and increase in wear rates, then the 
observed crosslinking results agree qualitatively with those by Yang and Wu[43]. 
Ev5.2
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Figure 5-8.  The total strand density is consistent for ripple formation and craze 
formation.  (○) Ripples were observed by SPM.  (●)  No ripples were apparent by 
SPM.  (□)  Crazes form.  (■)  No crazes form.  Crazing results were taken from 
Henkee and Kramer.[86] 
It is surprising that wear studies which emphasize abrasive contact combining 
ploughing, cutting and shear deformation have much in common with an experiment 
designed to eliminate ploughing and cutting deformation.  Polymer wear studies 
traditionally assume that polymer wear properties are governed by the cohesive strength 
of the polymer with the frictional work dissipated through a relatively thick surface 
zone.[41]  However, the formation of ripples is the result of plastic deformation, but the 
volume involved in forming them may only include the polymer that is in very close 
proximity to the surface. 
 
5.2.1.3 Macroscopic frictional shear stress and the crosslink density 
It is intuitive to expect a change in polymer wear with respect to a change of the 
crosslink density.  In contrast, it is not obvious why there should be a relationship 
between crosslink density and friction force.  It has been observed that the friction shear 
stress for a given polymer mimics a polymer’s yield and/or flow properties as the 
friction shear stress is typically a function of the applied normal pressure.  However, the 
energy dissipated by plastic deformation during sliding friction is minor compared to 
the total energy dissipated by friction processes.  It is also intuitive to expect the 
strength of adhesion between a polymer and a sliding indenter, and hence the surface 
energy of a polymer to have a noticeable impact on the apparent friction shear stress, 
but it does not appear that a detailed study has taken place. 
Studies have shown that crosslinking does not alter the dynamic modulus of PS or 
crosslinked isotactic PS below .[89, 116]  Since microscopic effects during yielding 
are believed to involve chain motions over a length scale which is smaller than the 
length of a strand, increasing  through crosslinking should have little effect on the 
yield stress or the flow stress, at least at small .[88]  Crosslinking occurs by fracture 
of C-H bond (hydrogen abstraction)[117], both at the phenyl ring and at the methyl 
groups[91].  Long living free radicals then open the double bonds, forming a covalent 
bond between the polymer chains.  As the proportion of segments involved in 
crosslinking is very low, it is not expected to shift the surface energy.  By crosslinking a 
glassy polymer to moderate degrees one does not noticeably shift either the surface 
energies or the shear (yield or flow) stresses.  Hence, it is not expected that crosslinking 
a linear polymer should shift the observed friction shear stress.  The measured friction 
shear strength by either SPM or a macroscopically large glass indenter showed that the 
friction shear strength is independent of cross-link density. 
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In stark contrast, it was recently reported by N. Maeda et. al.[80] that crosslinking a 
glassy polymer does significantly reduce the observed frictional force.  N. Maeda et. al. 
used a surface forces apparatus to measure the sliding friction of polymer on polymer 
for several passes over the same contact region.  The polymers studied were PS and 
polyvinylbenzyl chloride (PVBC).  PVBC was studied in the linear and crosslinked 
states, with the observed friction force of the crosslinked PVBC found to be a few 
orders of magnitude less than the linear PVBC.  In addition, the linear PVBC exhibited 
stick-slip motion whilst the crosslinked PVBC did not.  It was proposed that the 
difference in friction properties is due to interpenetration of chains at the sliding 
interface.[80]  Interpenetration of chains at the interface requires mobility that is not 
feasible for a polymer in a glassy state, consequently this approach requires a surface 
layer with significantly different physical properties to the bulk, with a  below room 
temperature.  An alternate explanation is that through sliding contact the surfaces 
reorganise forming a greater adhesion through the interaction of the polar chlorine 
groups.  Perhaps sliding contact through plastic deformation of the polymer films allows 
the reorganisation to proceed at a faster rate than without plastic deformation.  A 
gT
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decisive experiment would be to see if similar changes in the observed friction force are 
apparent for sliding contact between the crosslinked PVBC and mica, as the proposed 
interpenetration mechanism would no longer be possible. 
It is difficult to make comparisons between the reported results of N. Maeda et. 
al.[80] and those reported in this thesis.  Principally, the sliding system employed by N. 
Maeda et. al. is polymer on polymer whilst this thesis is glass on polymer.  The 
proposed friction mechanism of interpenetration is not possible for a polymer on glass 
system.  In addition, the sliding velocities over which the large difference in frictional 
force was observed (0.05 smµ  to 0.5 smµ ) by N. Maeda et. al. are not obtainable 
with our laboratory made friction apparatus.  Finally, the calculated interfacial shear 
stresses (0.18 – 0.32 MPa ) for PS reported by N. Maeda et. al. are two orders of 
magnitude lower than those reported in this thesis, indicating that something 
substantially different is happening at the sliding interface. 
N. Maeda et. al. also noted that there was build up of polymer about the contact zone 
during the sliding friction experiment.  However it was not stated if the rate of build up 
of polymer was related to crosslinked density. 
 
5.2.1.4 SPM study of friction and wear of crosslinked PS 
The initial friction of PS measured by a SPM exhibited a linear relationship with the 
applied load.  This is in agreement with much of the published literature for PS.[118, 
119]  In a corresponding fashion the initial contact stiffness increased with the applied 
load.  Experimentally, contact stiffness has been shown to be a function of applied load 
for a silicon tip and a NbSe B2 B substrate[120], and for a silicon nitride tip and muscovite 
mica[121].  It has been proposed that the contact stiffness, contactk  is proportional to the 
contact area:[120] 
*8AGkcontact =  
where A  is the contact area and *G  is the combined shear modulus of the tip and the 
sample. 
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The overall elastic response of the lateral stiffness is modelled as a series of springs 
(Figure 5-9).[120, 121]  The total lateral displacement ( x∆ ) is distributed between the 
springs: 
contacttipcantilever xxxx ∆+∆+∆=∆  
where cantileverx∆ , tipx∆  and contactx∆  are the elastic deformation of the cantilever, tip and 
contact respectively.  Each of the springs is assumed to follow Hooke’s law: 
xkFs ∆=  
where sF  is the force applied to the spring and k  is the spring constant.  Hence, the 
total displacement is given by: 
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The relative stiffness of the contact compared to the stiffness of the tip and cantilever 
significantly affects many of the experimental parameters and observations.  Foremost, 
when the contact stiffness becomes large relative to the cantilever and tip stiffness, then 
the error in measured contact stiffness, and frictional force increases rapidly.  As long as 
the contact stiffness is of the same order as the spring constants of the cantilever and tip 
it will be significant and observable in experiments.  Alternatively, if the SPM sample 
interaction is elastic, then changes in observed friction must be a function of the contact 
area implying that contact stiffness should also be a function of the contact area.  
Indeed, observation of the contact stiffness may be one technique that is able to separate 
the adhesive component of friction from the ploughing component.  Clearly, changes to 
the tips dimensions will have serious implications by affecting the size of contact 
(contact stiffness) and the height of the tip (tip stiffness). 
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Figure 5-9.  Model of tip-sample contact showing the response of a series of springs 
( k ) to a lateral force ( lateralF ) resulting in a lateral displacement ( x∆ ).[120] 
The initial contact stiffness was observed to be proportional to the applied load, 
indicating that the contact area is also proportional to the applied load (Figure 4-38).  If 
the contact area is proportional to the applied load, then it is expected that the observed 
friction force is proportional to the applied load.  Adhesive and capillary forces are 
clearly significant as both positive friction forces and contact stiffnesses can be 
measured at negative applied loads.  Contrary to expectation, no deviation from a 
proportional relationship is observed at negative applied loads.  Published studies 
regarding PS friction as measured by an SPM do not deviate from a proportional 
relationship at negative loads either.[118, 119]  That the initial friction is independent of 
crosslink density also agrees with the reported literature that the friction coefficient for 
PS as measured by the SPM is constant for all wM ’s above 100,000 molg .[118] 
Above a critical applied load, the average friction for most of the PS samples studied 
was noticeably larger than the initial friction for the same applied load (Figure 4-36).  
The increase in the friction signal from the initial observed friction is due to wear and 
the formation of a hole in the polymer surface.  A hole is formed, as opposed to a 
groove because the tip sliding distance is not substantially larger than the assumed 
contact area or creep within the SPM over the time scale of a complete set of 
measurements.  Holes and mounds on either side of the holes were imaged following 
the friction measurements (Figure 4-39).  Increasing contact area with the number of 
scans is indicated by an increasing contact stiffness.  It is not known if the increase in 
contact area is due to the digging of a hole or the accumulation of wear debris.  After 
many scans on the one location, the observed friction force increased throughout the 
entire length of the scan, most likely due to the accumulation of polymer on the leading 
side of the tip (Figure 4-34). 
There have many reports concerning the plastic deformation of PS caused by an SPM 
tip.  For example, it is well reported that PS plastically deforms after a number of scans 
in contact mode, forming corrugations.[122, 123]  It is expected that such corrugations 
would be absent within the present results as the scan size was smaller than the smallest 
wavelength of the reported corrugations.  It has also been reported that the vertical 
displacement (or adhesion) necessary to separate an SPM tip from the sample when 
measuring the friction of low molecular weight PS ( wM  1,890 – 50,000 molg ) 
decreases with the number of scans.[118] 
Surprisingly, the transition from a low to high wear regime at a characteristic applied 
load dependent on the tip has not been previously reported (Figure 4-35).  It should be 
noted that such a result does not come without inherent problems leading to significant 
experimental error.  Measuring the friction properties of polymer in the plastic regime is 
assumed to generate wear debris.  The presence of wear debris is evidenced by changes 
in the observed adhesion between the SPM tip and the sample, and the presence of 
rough scan lines when attempts are made to obtain an image of the surface.  Also, it is 
possible that the tip may become worn or damaged during an experiment.  The tip 
conditions were checked routinely by returning to the first sample measured and making 
another measurement to see if the result was similar.  Many experiments were initiated 
but were terminated due to an inconsistent friction measurement on the first sample. 
When operating above the critical applied load, the average friction and the average 
contact stiffness were observed to be a function of the total strand density (Figures 4-35 
and 4-38).  Clearly, the high wear regime is a function of the total strand density.   Wear 
by an SPM tip above a critical applied load exhibits trends similar to those indicated by 
traditional wear studies.[42, 43]  Surprisingly, glassy polymers like PS must be 
sufficiently pliable to exhibit wear in a predictable manner to a laterally oscillating SPM 
tip.  Perhaps the SPM can be used in a quantitative manner to perform wear studies 
using a contact patch of nanometer dimensions? 
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It is acknowledged that the tip condition is unknown (no observations were made of 
the tip geometry), and as such the reported results should not be interpreted in a 
quantitative manner.  For this reason the conversion of SPM load and friction into real 
forces was avoided (especially as different tips exhibited different frictional forces at 
similar amounts of deflection but had the same nominal spring constant).  Some 
literature has reported comparable friction coefficients by SPM as observed by 
macroscopic friction experiments,[119, 124] however it is difficult to comprehend why 
the coefficients should be similar when the friction observed by a SPM tip is thought to 
be governed by contact area.  Furthermore, no literature has reported the friction 
properties of several different polymers with an SPM and compared the observed 
friction properties with those reported at the macroscopic scale.  Such a study would be 
beneficial in determining if the friction mechanisms observed by SPM are comparable 
to those reported macroscopically. 
Three qualitative relationships are both real and significant with respect to the wider 
context of this thesis.  Firstly, that significant plastic deformation associated with 
friction begins above a critical load that depends on the tip geometry (and hence contact 
area).  Secondly, that the resistance to plastic deformation and wear increases with the 
total strand density.  Finally, the friction force of a virgin polymer surface is 
independent of the total strand density. 
 
5.2.1.5 Micro-Raman spectroscopy study of rubbed and brushed PS 
High intensity electromagnetic radiation which is scattered inelastically by molecules 
or molecular groups is collectively known as the Raman effect.  In Raman spectroscopy, 
electromagnetic radiation of a single frequency is directed at a sample, where the 
frequencies that have been scattered are detected and used to identify specific molecular 
groups.[125]  Traditional Raman spectroscopy consists of a monochromatic light source 
which is transmitted through a sample, where the scattered frequencies are detected on 
the far side of the sample.  For micro-Raman spectroscopy, a monochromatic light is 
directed at a sample’s surface using an optical microscope lens, where the scattered 
frequencies are collected by the same optical microscope lens. 
Raman spectroscopy of polyatomic molecules (e.g. polymers) probes the normal 
vibration modes of the covalent bonds.  Typically, a normal vibration mode consists of 
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synchronous motion of atoms, or groups of atoms that may be excited without leading 
to the excitation of another normal mode.[126]  Several frequencies of the Raman 
spectra for a polyatomic molecules are often polarized. 
Polarizability refers to the distortion of a molecule in an electric field.[126]  Normal 
modes of vibration of a covalent bond that are accompanied by a changing polarizability 
are Raman active.[126]  For example, if a normal mode involves the symmetric 
stretching and contracting of a bond, which in turn changes the bonds polarizability, 
then it will be Raman active. 
Some covalent bonds (or molecular groups) are more easily distorted in one plane 
than another.  Consequently. the scattering and hence Raman spectra will be more 
intense in one direction than other.  Polarization is typically quantified by the 
depolarization ratio, p : 
llI
Ip ⊥=  
where ⊥I  and //I  are respectively the Raman intensities perpendicular and parallel to 
the plane of orientation of the incident laser.[126]  The intensity of the Raman scattering 
will be high when the electric field vector and the transient moment vector of a 
molecule or molecular group are parallel.  When a normal mode of vibration is not 
symmetrical, it will have a low depolarisation ratio.  Covalent bonds or molecular 
groups with a low depolarisation ratio can be used to observe a non-Gaussian chain 
distribution. 
The phenyl functional group is renowned for having an intense Raman spectrum due 
to the ease of distorting the electron distribution.  Furthermore some Raman frequencies 
of the phenyl group have very low depolarisation ratios (because the electron 
distribution is more easily distorted in the plane of the benzene ring than perpendicular 
to it).  PS contains a phenyl group as a functional side group, making it an excellent 
polymer for studying non-Gaussian chain distribution by Raman spectroscopy. 
The observed micro-Raman spectrum of PS (Figure 4-41) was similar to those 
reported in the literature for transmission Raman spectroscopy.[127]  The major peaks 
observed for PS have been designated by B. Jasse et. al.[127], as shown in Table 5-3.  
The vibrational nodes of the phenyl group in PS were analysed in terms of the local 
symmetry of the benzene ring.  The vibration modes associated with each Raman 
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frequency are listed in Table 5-3, with the most Raman intense modes shown 
schematically in Figure 5-10 for clarity. 
Table 5-3: Designation of Raman peaks in PS and their associated normal modes 
of vibration.[127] 
Observed frequency 
1−cm  Vibrational Assignment Symmetry 
620 bv6  2B  
762 11v  1B  
795 1v  1A  
1001 12v  1A  
1031 av18  1A  
1154 15v  2B  
1180 av9  1A  
1200 13v  1A  
 
 
bv6  
 
12v  
 
av18  
Figure 5-10: Approximate normal vibrations of monosubstituted benzene. [127] 
It has been shown experimentally that the symmetric 1A  normal modes of vibration 
have a low depolarisation ratio ( 4
3<ρ ), whilst all other asymmetric modes have a 
depolarisation ratio of 4
3≈ρ .[128]  The peaks at 1001 and 1031 1−cm  result from 
symmetric normal modes ( 1A ) and so result in very low theoretical and observed 
depolarisation ratios (compare Figures 4-41 and 4-42).  The peak at 620 1−cm  results 
from an asymmetric normal mode ( 2B ) and so has a high depolarisation ratio.  The 
observed depolarisation ratios of the peaks at 620, 1001 and 1031 1−cm  using micro-
Raman spectroscopy were found to be similar to those in the literature for transmission 
Raman spectroscopy.[128] 
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Transmission Raman spectroscopy has been used successfully to study the 
orientation of PS.[127-129]  Orientation is observed by comparing the intensities of the 
peaks at 1001 and 1031 1−cm  with the peak at 620 1−cm  for different sample 
orientations and detector – laser geometries.  When studying the orientation of PS using 
Raman spectroscopy, one normally assumes that the peak at 620 1−cm  is insensitive to 
orientation effects due its high depolarisation ratio.[127, 129]  Hence, orientation is 
indicated by a change in the relative intensities of the peaks at 1001 and 1031 1−cm  with 
respect to intensity of the peak at 620 1−cm . 
One method of modelling the orientation of PS is to define the chain axis as the 
vector joining the two methylene groups in the PS structural unit.  Theoretically, the 
benzene ring is thought to be perpendicular to the chain axis, with the normal to the 
plane of the ring parallel to the chain axis.  However, it has been shown experimentally 
that whilst the 1C  - 4C  axis of the benzene ring is perpendicular to the chain axis, the 
normal to the plane of the ring makes a 35 PoP angle with the chain axis.[129] 
Micro-Raman spectroscopy does not appear to be reported for the study of 
orientation of PS.  However, micro-Raman spectroscopy has been used extensively to 
indicate molecular orientation of polyethylene.[130-133] 
The intensity of the peak at 1001 1−cm  relative to the peak at 620 1−cm  changed as 
an oriented PS sample was rotated with respect to the plane of polarisation of the 
incident laser (Figure 4-43), indicating that micro-Raman spectroscopy is sensitive to 
the molecular orientation of PS.  However, a maximum intensity in the peak at 1001 
1−cm  was noted when the electric field vector was at 60 Po P to the chain axis and not at 90Po P.  
If one considers that the normal of the plane of the benzene ring makes a 35Po P angle to 
the chain axis, then it expected that a maximum should occur about a sample rotation of 
55Po P (being very close to the observed 60 Po P).  What is not understood is why the observed 
intensity of the peak for a sample rotation of 90Po P is so low, it was expected to be of 
similar magnitude to the intensity observed for a sample rotation of 30 Po P. 
Over the last decade there have been a number of improvements to the design of 
Micro-Raman spectroscopy instruments making them more sensitive to the generated 
Raman spectra.  Significant improvements include better CCD detectors, notch 
holographic filters and confocal microscopy.  It is now possible with a good instrument 
to obtain a micro-Raman spectrum from a single monolayer deposited on a solid 
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substrate.[134-137]  By using a 2CaF  window as a substrate it was possible to obtain a 
reasonable spectrum from a 29 nm  thick PS film.  Furthermore, it was shown that the 
micro-Raman spectrum was not due to surface enhancement effects [138, 139] as the 
intensity was approximately proportional to the film thickness (Figure 4-44). 
29 nm  thick PS films that were hand brushed with a velour cloth showed a 
maximum in the intensity of the peak at 1001 1−cm  when the sample was oriented at 45 
- 60Po P to the plane of polarisation of the incident laser (Figure 4-45).  A sample rotation 
dependent intensity of the peak at 1001 1−cm  provides further evidence that the obtained 
spectrum is not due surface enhancement.  Study of the hand brushed film showed that 
there was approximately 30Po P difference between the directions of rubbing (Figure 4-46).  
As the film was hand brushed, there is expected to be a broadening of the angle at which 
a maximum intensity of the peak at 1001 1−cm  is observed.  In contrast, the 29 nm  
thick films that were exposed to sliding friction by a glass indenter did not exhibit any 
change in intensity of the peak 1001 1−cm  relative to the peak at 620 1−cm  compared to 
unorientated PS. 
An orientation of PS induced by brushing has been reported previously by optical 
birefringence [1, 53, 61] and NEXAFS [3, 58].  Whilst NEXAFS studies are only 
sensitive to the top 10 nm , birefringence studies showed that the observed retardation is 
a function of film thickness for films less than 30 nm  thick (suggesting that most of the 
film thickness is orientated).[53]  Micro-Raman spectroscopy was able to detect 
orientation in thin brushed PS films, however the extent of orientation was much less 
than that of an orientated bulk PS sample (as the ratio between the peaks at 1001 and 
620 1−cm  was significantly smaller for the brushed sample).  Conversely, the 
birefringence of brushed PS films as observed by optical retardation is much higher than 
what is reported for oriented bulk PS samples.[1, 53, 61]  For thin PS films, both the 
micro-Raman technique and the optical retardation technique probe the orientation of 
the entire film thickness.  It is timely that a study be performed using both micro-Raman 
and optical retardation on the same set of samples to learn if the techniques indicate a 
similar degree of molecular orientation. 
It is not known why the films exposed to a sliding interaction by a spherical glass 
indenter did not exhibit orientation effects.  One possibility is that only the surface 
region is oriented by the sliding interaction.  One may ask where does the surface region 
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associated with the formation of ripples and hence plastic deformation end, and the bulk 
film which is not deformed begin?  From inspection of the observed micro-Raman 
spectrum for uniaxially oriented PS, if even the top 10 nm  of the film ( 31  of the film 
thickness) was heavily oriented, then it should be sufficient to shift the observed 
intensity of the peak at 1001 1−cm . 
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5.2.2 Plastic deformation of polymethylmethacrylate (PMMA) 
Under tensile loading, bulk PMMA like PS is renowned for brittle failure due to the 
formation and growth of crazes.  As described in the results section PMMA showed 
obvious signs of brittle failure during sliding as evidenced by debris on the PMMA 
surface and holes in the surface of PMMA (Figure 4-48).  In contrast to PS, the sliding 
motion of PMMA was unstable, following a stick-slip pattern. 
Spikes in the friction signal traditionally identify stick-slip motion.  Classical stick-
slip motion consists of two opposing surfaces in a sliding system that alternates between 
being stationary (sticking) and rapid sliding (slipping).  Stick-slip dynamics are thought 
to be material independent, of which the main features have been described generically 
by Baumberger et. al.[140]: 
(i) At low velocities, the dynamic (sliding) friction coefficient dµ , (measured in the 
steady-sliding regime) exhibits a velocity weakening that is modelled by: 
( ) vbav vvd ln−=µ  
where va  and vb  are constants, and v  is the sliding velocity. 
(ii) The static friction coefficient sµ  increases with the time of the stick stt : 
stsssts tbat ln)( +≈µ  
where sa  and sb  are constants. 
(iii) When a system is rapidly loaded to a stationary position where the lateral force 
is less than the static frictional force, the shear stress (or lateral force) is observed to 
slowly relax. 
(iv) The form of sliding changes from stick-slip to steady by increasing the stiffness 
of the sliding system, or by increasing the sliding velocity. 
 
It is intuitive that, for stick-slip sliding to occur, a necessary requirement is for 
ds µµ > .  This occurs when ageing of a static contact results in a higher static shear 
stress.  Strengthening of a contact is typically explained by plastic creep of asperities at 
the interface leading to a larger real contact area.[141, 142]  Creep leading to a larger 
real contact area has been observed optically.[143] 
Although creep in many cases contributes to stick-slip phenomena, it is not the only 
mechanism contributing to stick-slip friction of polymers.  For example, PS and PMMA 
exhibit comparable creep properties,[144] but only PMMA was observed to exhibit 
stick-slip sliding.  This is not to say that PS never exhibits stick-slip sliding, but under 
the experimental conditions used in this thesis, PMMA exhibited stick-slip motion, 
whilst PS, PPO and PC did not.  Furthermore, stick-slip sliding has been observed on 
glassy polymers with the surface-force apparatus, where the change in contact area due 
to creep should be negligible (because it is assumed that there is a single asperity 
contact).[80] 
In the literature, it is often assumed that creep is the only mechanism that leads to a 
stronger contact by increasing the real contact area, however other mechanisms may 
lead to a strengthening of an existing contact.  The strengthening of an existing contact 
implies an increasing adhesion.  Maeda et. al.[80] proposed that the adhesion increased 
due to the diffusion of polymer chain ends present at the surface into the polymer on the 
other side of the interface.  Such a mechanism can only operate with polymer on 
polymer, and is difficult to justify given the limited mobility of polymer molecules in 
the glassy state.  Another option is that adhesive bonds form between the indenter and 
the substrate, with the number of adhesive bonds being time dependent.[145]  
Furthermore, a small amount of plastic deformation associated with the formation of a 
micro-contact may allow for a higher adhesion than predicted due to the reorganisation 
and flow of molecular segments at the interface.  A time/creep dependent adhesive 
strength would promote stick-slip sliding for polymers containing polar functional 
groups, but does not appear to be investigated in the literature. 
PMMA contains polar functional groups that have relatively good adhesion with 
silicon oxide when compared with PS.  Silicon oxide is present at both the polymer-
substrate interface and the indenter polymer interface.  Evidence of a relatively strong 
adhesion between PMMA and silicon oxide compared to PS and silicon oxide is 
provided by the observed difficulty of delaminating PMMA from the Si substrate by 
friction processes compared with the ease of delaminating PS from the Si substrate (it 
was possible to perform sliding friction experiments on much thinner films of PMMA 
than PS).  PMMA should also be able to form relatively good adhesion with the 
indenter given sufficient time and contact. 
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It is thought that the strength of the individual contacts for PMMA will be higher 
than that for PS due to the presence of polar functional groups.  The relative strength of 
the micro-contacts should not alter their dimensions for two reasons: the contact 
strength cannot influence the surrounding polymer, and, the failure and creep of a 
contact is determined by the polymer’s creep and yield properties which are known to 
be similar.[144]  However, the relative difference in interfacial energy between PMMA 
and the indenter, and between PS and the indenter could have an impact on the micro-
contact dimensions, with PMMA forming larger contacts (the interfacial energy or work 
of adhesion is much larger between glass and PMMA relative to glass and PS). 
 
A fascinating aspect of sliding friction is the transition from stick-slip motion to 
steady sliding.  It has been shown that relative sliding motion of two bodies can be 
shifted from stick-slip to steady sliding by adjusting experimental parameters, with 
stick-slip sliding promoted by high normal pressure, low surface roughness and slow 
sliding velocities.[146]  However, it has been proposed by some that stick-slip motion 
and steady sliding represent two extremes of stick-slip processes occurring at the sliding 
interface.  [9, 84, 85, 147]  Hence, steady sliding is simply a sequence of 
microprocesses of static friction driven by a tangential force.  The size of the individual 
stick-slip events are sufficiently small for steady sliding conditions that they are 
smoothed out by the elastic bodies, with the apparent motion appearing smooth and 
uniform.  Clearly, for high sliding velocities the slip events will dominate, however we 
are only concerned with relatively low sliding velocities. 
As already speculated in the discussion of the PS results, the actual sliding 
mechanics probably consist of stick-slip at the sliding interface coupled with shear 
deformation of the polymer surface.  During the micro-stick phase the local regions in 
contact are deformed plastically, undergoing shear until the polymer begins to fail or the 
contact is broken at which point a rapid slip motion occurs.  One major difference 
between the PS results and the PMMA results is the adhesion between the PMMA and 
the indenter is stronger allowing for a much larger sticking phase.  A relatively strong 
adhesion does not necessitate a large shear strength (and hence frictional force), because 
the formed micro-contacts fail by yielding of the polymer and not the indenter-polymer 
intermolecular bonds. 
144 
It is not known what interactions occur between sliding surfaces in the slip phase.  
Models by Caroli and Velciky[85], and Caroli and Nozieres[84] propose that prominent 
asperities move rapidly from one micro-contact to another during the slip phase.  Plastic 
deformation of contacting asperities is used to justify the observed velocity dependence 
of the amplitude of the stick-slip motion.  It is often assumed that there is minimal 
interaction between the sliding asperities (and hence insignificant energy dissipation) 
during the slip phase.  However, analysis of FECO fringes for stick-slip motion does not 
show any change to the apparent contact dimensions during the slip phase.[78] 
It has been observed for PMMA sliding over PMMA that the slip velocity is 
independent of the slider velocity and has a magnitude in the range of  (up to 4 
orders of magnitude greater then the imposed slider velocity).[142]  Furthermore, it was 
shown that the slip velocity for PMMA sliding over PMMA is dependent on surface 
roughness and normal pressure.[142]  A slip phase velocity that is a function of surface 
roughness and/or applied pressure suggests that some interactions must be occurring 
between the sliding surfaces. 
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The SPM images of the PMMA surface following sliding show distinct holes and 
debris well outside of the stick region (Figure 4-48).  There must be sufficient 
interaction between the sliding surfaces to achieve cohesive failure, thereby forming 
holes and producing debris during the slip phase.  It is difficult to understand the 
mechanics behind cohesive failure when the indenter is travelling very fast relative to 
the polymer surface, because the yield properties of PMMA are rate dependent.  One 
possibility is that plastic deformation of the polymer film occurs, allowing polymer flow 
at the interface, and hence a slower real strain rate. 
Noticeable holes observed in the surface of PMMA suggest that the individual 
contacts must be larger than for PS (Figure 5-11).  It is believed that the contacts are 
sufficiently strong for both PS and PMMA to induce plastic flow within the surface 
region of the polymer film.  Once plastic flow is induced within the polymer film, the 
strength of contact becomes less significant as the plastic deformation is dominated by 
the flow properties of the respective polymers.  After extensive plastic deformation, the 
PMMA fails cohesively forming the observed holes. 
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Figure 5-11.  Holes left in the PMMA surface. 
The size of the holes dug into the PMMA surface permits an estimation of the 
maximum size of individual contacts, with the holes typically being 150 – 400  in 
diameter.  Contacts may also form that are smaller than the holes, but produce debris in 
a manner similar to PS, and so the minimum size of the holes may indicate that for 
contacts less than 150 nm  in diameter the deformation is localised at the surface region, 
leaving debris but not digging holes. 
nm
The presence of the holes in the PMMA surface provide direct evidence that, at some 
stage during contact evolution, the contact between the indenter and the polymer 
consisted of isolated discrete regions.  Furthermore, the locations of the holes are not 
related to the grooves left by more prominent asperities, suggesting that the contact 
discreteness is not due to classical multi-asperity contact.  This is not to say that contact 
of rough surfaces is not governed by multi-asperity contact, but rather, when the 
contacting surfaces become suitably smooth, contact discreteness forms that is not 
determined by the roughness of the contacting surfaces. 
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5.2.2.1 Plastic deformation of the PMMA surface observed by SPM 
PMMA formed a distinct island structure upon sliding.  The height of the islands was 
similar to the height of the ripples formed on PS.  There appeared to be two distinct 
types of islands observed by SPM: the first group of islands appeared to have 
corresponding shallow holes in the PMMA surface; the second group of islands did not 
show any correspondence to holes in the PMMA surface. 
It is thought that the holes were accompanied by a large stick-slip amplitude 
(Edmund indenter in the supplied condition), however no experimental verification was 
performed.  The two distinct types of islands are believed to be the extremes of stick-
slip motion, where the presence of holes signifies both a stronger sticking regime, and 
larger local contact patches. 
For PMMA samples exhibiting a large stick-slip amplitude (the ratio of ds µµ :  is 
relatively large) the form of the islands was different in the stick region to that in the 
pure sliding region.  The islands were larger in the stick region, and smaller in the 
sliding region.  The islands at the leading edge of the stick region were distinct from 
those at the trailing edge of the stick region. 
It is thought that the islands are larger in the stick region because the points of 
contact were able to grow and strengthen by the processes of creep and surface 
reorganisation.  However, the friction traces did not show any sign of creep within the 
stick region.  It is fascinating how the form of the islands changes with the principal 
stress within the stick region; the islands near the front of contact are very rounded and 
would have been in compressive loading, whilst the islands towards the back of contact 
are very elongated and would have been in tensile loading.  The density of the micro-
contacts must be sufficient to produce a stress distribution of a form similar to that 
proposed by Hamilton and Goodman [18, 19] for a single asperity elastic contact. 
During the stick phase the stress distribution is similar to that for a single asperity 
contact, with a compressive region near the leading edge of contact and tensile region at 
the trailing edge of contact as evidence by the different forms of debris.  However, there 
are also holes near both the leading and trailing edges suggesting that a tensile stress 
must at some point have been present over the entire region.  The holes must be formed 
either entirely within the slip phase, or at the transition from the stick phase to the slip 
phase.  
For PS it was suggested that the ripples resulted from the accumulation of debris.  
The islands on PMMA are probably debris as well.  Aharoni[39] showed that a polymer 
may wear producing island like debris, rolls or a range of structures in between by 
applying different normal pressures.  It is feasible that the islands observed on PMMA 
and the ripples observed on PS are produced by the same fundamental mechanism. 
 
5.2.2.2 Friction of syndiotactic PMMA 
Syndiotactic PMMA is a stereo-regular form of PMMA.  It is well known that the 
tacticity of PMMA can have a dramatic impact on its , shifting it from 61 to 
131 .[148]  Although the effect of different stereo-regular forms of PMMA on the 
observed mechanical properties does not appear to be reported, it is believed to be 
significant. 
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In response to a sliding interaction with a glass indenter, an island structure forms on 
syndiotactic PMMA similar to that observed on industrial grade PMMA.  However, the 
island structure formed is sometimes collected by the travelling indenter, and deposited 
at the trailing edge of contact during the stick phase, thereby forming crescents (Figure 
4-54).  Evidence that the island structure is simply debris that has been initially broken 
from the polymer surface and then deposited and pushed into the polymer surface was 
provided by the formation of the crescents. 
The crescents are sufficiently thick and large that a standard optical microscope can 
be used to view them.  Clearly, a sufficient adhesion without a strong shear stress must 
be occurring at the trailing edge of the indenter for the debris to be collected prior to re-
deposition as crescents.  Experimentally, effort was made to remove the island debris 
from the surface without any success.  Washing in water, blowing with high purity 
nitrogen gas, and imaging with a SPM in contact mode were all tried in an attempt to 
remove the island debris.  Furthermore, applying and then removing sticky tape was 
unable to selectively remove the debris that had collected to form the crescents. 
It was not surprising that the debris were unable to be removed from the surface.  By 
referring to the formed island structure as debris, the assumption is made that they are 
portions of the polymer film that have been broken free by scission of covalent bonds.  
Chemical techniques are unable to remove the debris, because there is no contrast to 
selectively screen them from the chemically identical film.  In contrast, mechanical 
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techniques are not likely to work because there are not any sharp edges to apply a lateral 
force to without pushing the debris into the polymer film.  Applying an adhesive force 
is the only feasible option, however the adhesive force must be on a microscopic scale, 
as the debris are not connected and so do not exhibit a film strength.  Sticky tape 
provides a technique for applying an adhesive force to the debris, however the adhesion 
between the debris and the polymer film (both are polar) was probably greater than the 
adhesion between the debris and the sticky tape. 
The surface energy of PMMA is thought to be independent of its tacticity, as the 
same functional groups should be present at the surface.  However the deformation 
patterns observed on the surface are different between syndiotactic PMMA and 
industrial grade PMMA.  For syndiotactic PMMA there appear to be less holes, but 
more debris relative to industrial grade PMMA.  It appears that the mechanical 
properties of a polymer play an active role in the processes that occurred at the sliding 
interface.  The mechanical properties are governed by the polymer’s entanglement 
density (and hence ability to localise strain), degree of crystallinity and polarity. 
 
5.2.3 Plastic deformation of polyphenyleneoxide (PPO) 
PPO is known to be ductile under tensile loading relative to PS and PMMA, as 
predicted by its high entanglement density.  PS and PMMA are thought to form debris 
as a result of sliding interactions due to their relatively low entanglement densities, and 
hence the ability for deformation to localise at the surface region.  Strain is unable to 
readily localise when deforming PPO because of the relatively high entanglement 
density, and hence deformation will not concentrate at the surface region. 
Experimentally, PPO samples that were annealed above 200  did not produce a 
significant amount of debris from a slide against a glass indenter.  However, samples 
annealed at 175  and below produced noticeable amounts of debris present as ripples 
aligned perpendicular to the sliding direction (section 4.2.3).  The ripples had a form 
similar to those observed on PS, with the width of the individual ripples being greater, 
but the wavelength of the ripples being smaller than those observed on PS.  For the 
sample annealed at 200  some ripples were still apparent, but they were significantly 
smaller than those formed on samples annealed at 175  and below. 
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The observed macroscopic friction force shifted, corresponding to the observed 
change in deformation pattern (Figure 4-56).  The PPO samples annealed between room 
temperature and 175  exhibited a higher friction shear stress than the samples 
annealed between 200 and 250 . 
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For PS and PMMA it was implied that a low entanglement density, and hence strain 
localisation is essential to the production of debris.  If PPO was to fail by the same 
mechanisms, then strain localisation must be possible in solvent (toluene) cast PPO 
films that have not been annealed at or above 200 . Co
Tensile tests on bulk PPO samples confirm that compression moulded PPO that has 
been exposed to toluene vapour is brittle, whilst compression moulded PPO without any 
toluene exposure is ductile (Figure 4-64).  The brittle failure of PPO exposed to toluene 
vapour supports the notion that strain localisation does occur in the solvent cast thin 
films when subjected to sufficient stresses. 
Other research groups have also proposed that strain localisation occurs in solvent 
cast PPO.  Yang et. al.[149] reported that thin solvent cast PPO films annealed at 
120  for 1  developed localised deformation zones when strained at 1.5 %, but, 
when annealed above the  of PPO a removal of the embrittlement was observed.  
Yang et. al. proposed that the embrittlement was related to a sub  chain relaxation, as 
Fourier transform infrared spectroscopy (FTIR) showed that the residual solvent in the 
films was negligible. 
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In contrast, there was substantial evidence of retained solvent in this work.  Firstly, 
the retained solvent in bulk PPO samples exposed to toluene vapour was sufficient to be 
weighed by a standard microbalance.  It was found that the retained solvent in a bulk 
PPO sample exposed to toluene vapour represented a 1.8% increase in mass after drying 
for two days at 180  in a vacuum oven.  Secondly, DMA results on compression 
moulded PPO samples that have been exposed to toluene vapour exhibited a glass 
transition temperature that is similar to their annealing temperature (Figure 4-63).  A 
glass transition temperature that is similar to the annealing temperature suggests that 
solvent is retained in the PPO samples (this includes temperatures well above the 
boiling point of the solvent but below the  of PPO (~210 )).  Thirdly, the DSC 
results also show evidence of retained solvent, by an apparent change in the differential 
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of the heat flow at a temperature similar to the drying temperature (prior to the dip 
associated with the melting of the crystalline regions (Figure 4-62)).  It should be noted 
that the change in the differential just noted has been attributed by Bair and Kwei[150] 
to the melting of relatively fine crystallites. 
If retained solvent was present in the PPO samples that were not annealed near or 
above the  of PPO, then antiplasticisation may be responsible for the observed 
embrittlement.  Antiplasticisation refers to an addition of a small amount of compound 
resulting in an increase in the tensile modulus and yield strength, but a decrease in the 
ductility and .[151, 152]  It is counterintuitive that by adding a small amount of 
plasticiser it is possible to increase the modulus, suggesting a decrease in molecular 
mobility, whilst simultaneously decreasing the , suggesting an increase in molecular 
mobility. 
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It was reported that the addition of a small amount of an appropriate plasticiser does 
not shift the entanglement density, but greatly increases the mobility of active 
entanglements, thereby encouraging strain localisation.[153, 154]  There is no 
recognised explanation as to why small amounts of plasticiser can increase the mobility 
of entanglements significantly.  Some have proposed that the plasticiser preferentially 
diffuses into the active deformation region, thereby promoting strain localisation.[87] 
There is universal agreement that the addition of a small amount of some plasticisers 
does result in embrittlement. 
 
Practically, it is desirable for a plasticiser to have low volatility, such that it does not 
evaporate from the polymer system over a period of time.  The volatility of a plasticiser 
has an inverse relationship with molecular weight, and hence commercial plasticisers 
are large molecules when compared to common solvents.  Toluene is an unusual 
plasticiser in that the molecule is relatively small and the volatility is relatively high.  
Because toluene is a small molecule, it’s diffusion through PPO would be higher than 
typically expected for common plasticizers.  A high rate of diffusion of toluene may 
allow it to more readily locate at active deformation zones, thereby promoting 
embrittlement.  
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Whilst toluene may be present, thereby promoting embrittlement, it is more difficult 
to distinguish what processes are contributing to an observed relatively high friction 
shear stress for the PPO samples annealed below 200 .  It was acknowledged that 
antiplasticisation is defined by an increase in the tensile modulus and tensile strength 
after the addition of a small amount of plasticiser.  However, exposing PPO to solvent is 
also well known to induce the formation of a crystalline phase, thereby changing the 
mechanical properties. 
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PPO is not well known for being semi-crystalline.  Crystalline regions within PPO 
cannot be formed by thermal annealing.  All of the published techniques to forming 
semi-crystalline PPO require deposition from a solution or exposure to a solvent 
vapour.[155, 156]  The melting of the crystalline regions was observed for all of the 
solvent cast PPO samples annealed up to and including 225  as indicated by a dip in 
the DSC trace (Figure 4-62).  Crystalline regions were also present in the compression 
moulded PPO samples that were exposed to toluene vapour, as indicated by a 
substantial modulus after passing through the apparent  (Figure 4-63). 
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It is thought that the relatively high friction shear stress observed for PPO samples 
annealed up to 175oC in comparison to the samples annealed above 200oC is due to an 
elevated shear yield or shear flow stress.  It is tempting to suggest that the predicted 
difference in mechanical properties was due to the presence of a crystalline phase, 
however the change in properties occurs well below the observed melting temperature 
of the crystalline phase.  For example the samples annealed at 200 and 225oC should 
still be semi-crystalline but exhibit a relatively low friction shear stress.  As stated 
previously, an elevation in mechanical properties is normally a feature of 
antiplasticisation. 
The elevation in mechanical properties associated with antiplasticisation is not really 
understood.  The most common theory proposes that the elevation in mechanical 
properties is related to a loss in free volume and a subsequent suppression of motions in 
the polymer chain.[157, 158]  Possibly the most compelling challenge of 
antiplasticisation is understanding the location of the solvent molecules, and the 
resulting physical structure. 
Several groups have proposed that the assumed amorphous regions of solvent cast 
PPO are not really amorphous or crystalline, but some form of intermediate phase that 
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does not exhibit or contribute to the observed .[156, 159]  Evidence for an 
intermediate phase is provided by the absence of a  upon heating a solvent cast 
sample, whilst the size of the crystalline peak is only large enough to account for a 
portion of the PPO (typically about 30%).  Furthermore, annealing a crystalline sample 
at temperatures above the , but below the melting temperature of the crystals allows 
the formation of a amorphous phase that exhibits a  and the slow disintegration of the 
crystalline phase.  It is very likely that this so called intermediate phase is responsible 
for both the embrittlement and the increase in mechanical properties that is associated 
with antiplasticisation. 
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The observed PPO results make a valuable contribution to understanding the 
processes occurring at the sliding interface.  They show that the macroscopic frictional 
shear stress can be changed by changing the mechanical properties of the polymer, by 
inducing structure changes through exposure to solvent vapour.  In addition, further 
evidence is provided that strain localisation is necessary for the production of debris. 
Both the plastic deformation occurring at the sliding interface and the frictional shear 
strength can be shifted without changing the surface energy of PPO. 
 
5.2.4 Plastic deformation of polycarbonate (PC) 
PC has a high entanglement density, consequently it is known to be ductile under 
tensile loading.  Unlike PS and PMMA, no noticeable debris were produced as a result 
of a sliding interaction with a glass indenter (Figure 4-65).  Experimentally it performed 
as expected, showing no signs of cohesive failure.  Hence, PC was not studied in great 
detail. 
 
5.3 Polymer film thickness and friction 
It was proposed many times in the literature that friction results from interactions 
occurring at the sliding interface.  Along the same theme, it was observed for many 
sliding systems that the plastic deformation is not a substantial component of the energy 
dissipated by friction processes.  Hence, the observed friction force is expected to be 
independent of film thickness, and that is what was observed by measuring the 
macroscopic friction of different film thicknesses of PMMA. 
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It was observed that PMMA produces an island like structure in response to sliding 
interaction (Figure 4-68).  It was also shown that the island structure still forms on 
PMMA films where the height of the islands above the film’s original surface becomes 
comparable to the film thickness.  15 nm  thick was the thinnest PMMA film that was 
observed to exhibit non-abrasive sliding.  In contrast, 150 – 400 nm  diameter holes 
were observed to have formed at the surface of PMMA films between 15 nm  and 2 mµ  
thick (Figure 5-11).  Both the minimum film thickness observed for smooth sliding, and 
the observation that the depth of the holes formed in the polymer surface are 
approximately 10 to 20 times less than the hole radii suggests that the interactions 
producing the debris are surface (or near surface) phenomena occurring over a film 
thickness less than 15 nm .  The depth of plastic deformation leading to cohesive failure 
producing the holes is limited to the top 15 nm  at most, thereby supporting the notion 
that shear strain localisation at the surface region is essential to the formation of debris. 
It was observed that very thin films of PMMA were able to withstand sliding friction 
without being completely destroyed, whilst very thin films of PS could not.  This is 
probably because PMMA has polar groups on its surface, and it is thought that these are 
able to form relatively strong adhesive bonds with the silicon oxide on the substrate 
allowing good adhesion to develop.  PS has relatively poor adhesion to the substrate, 
whenever a stress concentration builds up of sufficient intensity to drive a crack from 
the free surface to the substrate, the film will readily delaminate. 
 
5.4 Critical shear stress required to plastically deform a 
polymer surface 
There does not appear to be any reported experimental technique by which one may 
increase the frictional shear stress in a systematic manner whilst keeping most of the 
experimental parameters constant.  The most obvious technique of increasing the 
friction force is to increase the applied load, however the adhesion theory of friction 
states that the real area of contact is proportional to the applied load, so the frictional 
shear stress remains the same (ignoring pressure dependent shear stress effects).  One 
approach that could yield different shear stresses is to employ different materials as the 
indenter, however, using many materials adds a great deal of complexity to the 
understanding of friction processes. 
Employing a lubricated contact allows the observed frictional shear stress to vary by 
altering the shear rate of the lubricating film.  Operating at different sliding velocities or 
different lubricant film thicknesses can be employed experimentally to vary the shear 
rate of the lubricating film.  A major advantage of this approach is that friction shear 
stress can be experimentally altered, whilst the interacting materials at the sliding 
interface are kept constant. 
The indenters (plane convex lenses) supplied by Edmund proved to be an excellent, 
though unintentional system for providing a lubricated contact.  When using an 
uncleaned Edmund indenter for the first time, the friction was observed to increase with 
respect to the sliding distance travelled until a critical shear stress was reached (PS-
Figure 4-69 and PMMA-Figure 4-47).  It is proposed that during the region of 
increasing friction, foreign material acting as a lubricant is steadily being removed from 
the indenter’s surface, thereby resulting in a higher strain rate of the remaining foreign 
material, and hence a higher observed friction shear stress. 
Alternatively, the real area of contact may be increasing between the polymer surface 
and the indenter, either through the removal or plastic deformation of the foreign 
material.  There are a number of observations that suggest that the real area of contact 
does not increase with the distance travelled by the indenter.  Foremost, PS is unable to 
be rubbed in a stable manner using an Edmund indenter that has been washed using 
HPLC grade toluene and acetone.  Also, if patches were removed allowing regions of 
contact then it is expected that the SPM images would indicate strips of ripples in the 
regions before the friction plateau is reached. 
XPS analysis of the Edmund supplied indenters showed a relatively thick layer of 
adventitious carbon that was reduced by washing with acetone and toluene (Table 4-1).  
Perhaps the adventitious acted as a lubrication layer when slid over PS. 
SPM studies of the polymer surface exposed to sliding interaction were made 
following a single slide of a new Edmund supplied indenter over PS.  It was observed 
that, at low friction shear stress, there was negligible change to the surface of the PS 
film (Figure 4-70).  Under moderate friction shear stress, isolated islands elevated above 
the remaining PS film were noted (Figure 4-73).  As the friction shear stress approached 
the plateau value, the elevated islands became connected forming ripples already 
reported for PS (Figure 4-75). 
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Why does the friction shear stress reach a plateau value?  One possibility is that as 
the friction shear stress approaches the plateau value, the relative motion between the 
polymer film and the indenter is facilitated by plastic deformation of the polymer film.  
Applying this theory, it should not be possible to achieve a higher frictional shear stress 
without altering the effective contact dimensions.  One implication is that substantial 
plastic deformation of the polymer film should not be occurring when exposed to 
relatively low frictional shear stresses.  It would be fascinating to know if the observed 
frictional shear stress is still pressure dependent under conditions of relatively low 
frictional shear stress (a pressure dependent shear stress suggests that plastic 
deformation is occurring)? 
If the friction ramp was due to a foreign material acting as a lubricant, with the 
thickness of the lubricant being approximately inverse to the shear stress, then the 
plastic deformation transfers from the foreign material on the glass indenter to the 
polymer film.  Consequently, the remaining foreign material is no longer removed, with 
a critical shear stress being determined by the polymer film. 
It appears that the yielding of the polymer surface, producing the deformation 
patterns of debris, facilitates smooth sliding, thereby establishing a limit for the friction 
shear stress.  As ductile yield is required before brittle failure can occur, it becomes 
intuitive that the observed friction shear stress should reflect the bulk shear yield or 
flow stress.  It is not known what impacts changes in surface energy and roughness of 
the indenter will have on the amount (both effective contact area and depth) of polymer 
required to undergo flow and hence their effects on the observed friction coefficient. 
 
5.5 Contact between a smooth glass indenter and a polymer 
What is the nature of contact between a smooth glass indenter and a polymer 
surface?  The answer to this question is essential to a fundamental understanding of the 
processes occurring at the sliding interface.  However, the real and active contact is 
probably the least understood aspect of friction. 
There are currently no recognised experimental techniques that are able to isolate 
real and active contacts at the interface between a polymer and a glass.  For example, it 
is not known why a solvent cast PS film can be readily floated off a Si wafer whilst an 
annealed PS film cannot.  It is known that the strength of contact at the indenter-
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polymer interface is substantially less than indicated by Hertzian contact mechanics.  
More so, it is believed that the contact consists of isolated active regions.  The 
arguments for why a region of contact discreteness should exist where extensive plastic 
deformation of the surface is occurring are presented in the remainder of this section. 
The Hertzian contact area for a glass indenter with a radius in the  range under 
the applied loads employed in this thesis is ~ 1000 times greater than the polymer film 
thickness.  Hence, the problem can be simplified to a thin polymer film located between 
two broad planes. 
mm
The plastic deformation of a polymer film between two broad planes, the substrate 
and the moving indenter, was considered in detail by Geary et. al.[1]  A cross-section of 
the plastic deformation to the polymer is illustrated in Figure 5-12.   
For a simple ideal system, homogenous shearing deformation of the polymer film 
will result.  At the initial stage of deformation, a rectangular portion of the film will be 
sheared into a parallelogram (Figure 5-12(B)), with the form of deformation being 
equivalent to elongation along the principal stress axis and compression in the axis 
perpendicular to it.  With continued deformation an extreme parallelogram will form 
(Figure 5-12(C)).  The polymer film will be deformed in a similar manner to cold 
drawing a sample at constant width (ductile deformation) and placing it on the substrate. 
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Figure 5-12.  (A)  Cross-section view of a polymer film in contact with a moving 
indenter.  (B)  Magnified view of the film under shearing forces, showing the 
principle axes of stress.  (C)  Resulting large deformation produced by simple 
elongation parallel to the substrate.  (D)  Modified version of large shear 
deformation allowing for possible proximity effect of the substrate and localised 
deformation at the surface.[1] 
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The parallelogram shown in Figure 5-12(C) is an ideal system.  For a homogenous 
material, deformation will initiate at the point of maximum shear or tensile stress.  
However, the polymer system is not homogenous, as the properties at the substrate-
polymer, and indenter-polymer interfaces are expected to be different to those of the 
film.  Good adhesion of the polymer chains to the substrate/indenter should produce a 
region with an elevated yield strength relative to the bulk film, and hence deformation 
would initiate within the polymer film.  Geary et. al. proposed that most of the polymer 
film would undergo uniform shear, with the exception being a region in close proximity 
to the substrate.  Conversely, weak adhesion of the polymer chains to the 
substrate/indenter would create a region that could accommodate most of the relative 
motion between the two planes, and hence plastic deformation of the polymer film 
would be minimal. 
From the arguments presented in the previous paragraph, assuming homogenous 
adhesion over the entire Hertzian contact region, deformation should be either confined 
to the polymer film, or hardly occur at all.  There is some experimental evidence 
showing that deformation occurs preferentially at the surface region, and hence 
homogenous adhesion does not occur. 
NEXAFS studies of brushed polymers surfaces have shown that the orientation in the 
top 1 nm  is significantly greater than over the top 10 nm ’s.[55]  Within this thesis 
there was sufficient plastic deformation at surface of PS, PMMA and PPO to achieve 
cohesive failure, whilst the majority of the film remained relatively undeformed.  
Cohesive failure is established through the generation of debris.  Micro-Raman 
spectroscopy performed on uncrosslinked PS films after friction experiments show that 
the film is not highly deformed.  The independence of film thickness and observed 
friction force for PMMA also suggests that most of the polymer film is not highly 
deformed.  Geary et. al. proposed that most of the polymer film was deformed except 
for a region near the substrate, this has been modified to included a local high 
deformation region at the free surface (Figure 5-12(D)). 
There does not appear to be any consensus why the surface of a polymer film should 
undergo more deformation than the polymer a short distance below the surface.  It has 
been suggested that the surfaces of polymers may have substantially different properties 
to those of the bulk, leading to a greater ease of elongation than expected.[4]  However, 
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a highly mobile surface layer should promote strong adhesion, resulting in a loss of 
mobility and a region where deformation is restricted. 
One possibility is that the Hertzian contact region consists of isolated active contacts 
(referred to as contact discreteness).  Contact discreteness is the reason why ductile 
materials exposed to a rough sliding indenter undergo substantial deformation at the 
surface.  For example, transverse micrographs of metal after sliding interaction show 
that the metal in close proximity to the surface has undergone much more deformation 
than the remainder of the sample (Figure 2-3).[13]  Direct evidence of contact 
discreteness was provided by the observation of holes in the surface of PMMA 
following a single sliding pass of a glass indenter (Figure 5-11). 
Assume the contact discreteness between the indenter and the polymer, then local 
regions of the polymer surface will experience a shear stress that is larger than the 
average value.  Deformation within the polymer film is constrained by regions that are 
not experiencing a local shear stress from the indenter.  Such a constraint on 
deformation is readily apparent if you consider a scratch test, where the indenter is 
ploughing through the material, with plastic deformation restricted to a region of depth 
being of the same order as the radius of the contact area. 
For each isolated contact region, the adhesion is sufficient to achieve cohesive failure 
of the polymer surface.  By deduction it is possible to estimate the dimensions of 
individual contacts. 
If the contact patch was as small as several polymer segments, then a direct force 
would be applied to a polymer chain that is much larger than that suggested by the 
observed friction shear stress.  When the adhesion between a polymer segment and the 
indenter is greater than the intermolecular forces between the polymer segments, the 
segment will remain attached to the indenter and the polymer chain will begin to be 
pulled along the surface of the polymer film.  The result would be a local orientation of 
the chain until the adhered segments are pulled off the indenter (because the covalent 
bonds in a polymer chain are much stronger then the adhesive bond between a polymer 
segment and the indenter).  Hence, for an active contact patch to produce debris it must 
consist of many chain segments adhered to the indenter’s surface. 
In contrast, the active contact patches must be sufficiently small to prevent film 
delamination or cohesive failure well away from the polymer surface.  For polymers 
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that have a weak adhesion to their substrate (for example PS in SiO) it is believed that 
film delamination will result when the contact patch dimensions approach that of the 
film thickness.  The minimum PS film thickness observed to form ripples was 35 nm .  
Polymers that have strong adhesion to the substrate are able to support relatively large 
contact patches.  For example, holes 150 – 400 nm  in diameter, being more than 4× the 
film thickness were observed in the surface of PMMA.  In either case the plane of 
maximum shear stress is just a short distance from the polymer surface, implying that 
the hole’s diameters are much larger then their depth. 
The proposed mechanism is very similar to the wear mechanism proposed by 
Bartenev and Lavrentev[38] for vulcanised rubber on a smooth hard surface (Figure 
2-10).  In both systems a single asperity contact was assumed due to the ratio of the 
elastic moduli to the surface roughness for the respective systems.  Both approaches 
have also proposed that contact discreteness with separate contact regions interacting 
and deforming during displacement as the cause of the observed results.  A critical 
difference is that the deformation of the protuberance for rubber was assumed to be 
determined by the elastic properties[38], whilst the deformation of the glassy polymers 
is determined by their plastic properties.  Retrospectively, the real contact area may 
have been simpler to predict using a statistically roughened surface, however such an 
approach would not allow for the isolation of the interfacial shear component of friction. 
In contrast, the proposed mechanism of ripple formation is very different to the one 
proposed by Aharoni[39] for roll formation.  Aharoni’s model of roll formation requires 
the presence of a relatively rough surface with the glassy polymer being sufficiently 
ductile to enable it to be formed into a roll before being broken away from the polymer 
film.  The proposed mechanism allows for very smooth surfaces in sliding contact with 
the rolls forming from the accumulation of debris resulting from brittle failure of the 
polymer. 
If the ripples are really rolls of polymer on the polymer surface, then one possibility 
is that that shear deformation of the rolls allows for the relative motion of the indenter 
over the polymer surface.  However, the observed frictional shear stress is independent 
of the crosslink density and hence the ripple formation.  Two different explanations are 
capable of justifying why the formation of ripples does not alter the observed frictional 
shear stress: either, (i) the surface area of polymer undergoing friction at any one point 
in time is comparable to the surface area occupied by the ripples, or, (ii) the ripples do 
not significantly alter the real area of contact.  Remarkably, even in fretting experiments 
on glassy polymers where rolls have formed that are visible unaided by microscopic 
techniques, the frictional shear stress is similar for both a new surface and a worn 
surface with large rolls.[40]  However, it has been shown in several fretting studies of 
glassy polymers that the formation of rolls at the sliding interface greatly slows down 
the observed wear rate and creates a stable system.[40, 160, 161]  It is not known if the 
rolls of polymer actually accommodate the velocity difference between the two 
surfaces.  What is known is that the energy dissipation due to friction processes does not 
change remarkably due to the formation of the rolls of debris. 
Critical to the process is the formation of contact discreteness within the apparent 
contact region, however it is not known how one may experimentally observe such 
contact discreteness.  SPM studies of the contact footprint left by an Ir tip on Pt(111) 
show a hillock formed on the surface of the Pt(111) which is thought to have formed by 
the breaking of a neck.[162]  In similar experiments studying nanoscale gold junctions, 
Durig and Stalder[163] used conductance to estimate the cross-sectional area of the 
contact region, and showed that a neck must form on the retraction of the SPM tip.  
Analysis of the contact footprint, and the force-displacement curve for a tip on a 
polymer surface under a high vacuum may also provide evidence of necking and 
perhaps failure of the polymer for low entanglement densities, however it appears that 
no such study has been reported. 
From the experimental evidence it is possible that varying the roughness of the 
indenter may affect the size of the regions of contact discreteness (an Edmund indenter 
washed in toluene was unable to exhibit smooth sliding, whilst one in the supplied 
condition would). 
Other experimental parameters that may lead to contact discreteness includes the 
surface energies, applied load and the surface roughness of the contacting surfaces.  If 
the surface energies did not influence the distribution of contact discreteness, then the 
friction deformation patterns should always be a function of the polymer’s yield 
properties.  The effect of applied load is self-evident through the production of wider 
ripples.  Surface roughness is in competition with contact discreteness for controlling 
the area of real contact. 
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The SPM presents an ideal technique to study single asperity contacts where the size 
would be in the order of ~ 100 .  Ironically, the SPM introduces a ploughing term 
associated with the indentation of the tip into the polymer surface that is not readily 
separated from the interfacial friction term.  Examining the noise associated with the 
friction signal is likely to provide information regarding the frequency of stick-slip 
events that may be associated with strain-localisation and polymer wear.  However, 
many SPM’s do not have a sufficiently fast data acquisition rate for such a study.  By 
modifying a SPM in order to achieve an appropriate data acquisition rate it may 
possible to isolate the frequency of events occurring at the SPM tip –polymer interface. 
2nm
Controlling the contact discreteness is the most critical process to orienting a 
polymer film by brushing or rubbing. 
 
5.6 Strain localisation and the sliding interface 
It may appear intuitive that polymers that are brittle under tensile loading will also be 
brittle when exposed to sliding friction.  However, such an observation has not been 
reported in the literature.  Brittle failure of linear polymers under tensile loading is 
achieved through strain localisation.  Hence, strain localisation must be part of any 
mechanism leading to debris production.  It is not obvious whether strain localisation 
initiates contact discreteness or if contact discreteness facilitates strain localisation. 
Strain localisation implies inhomogeneous deformation.  Inhomogeneous 
deformation in the form of a band or bands of highly deformed polymer parallel to the 
sliding interface is one possibility.  Relatively coarse shear bands in plastically 
deformed low entanglement density polymers are evidence of such inhomogeneous 
deformation.  Another possibility is inhomogeneous deformation perpendicular to the 
sliding interface with contact discreteness an inevitable consequence.  A polymer driven 
contact discreteness would be difficult to isolate.  For example, it is not understood how 
one may experimentally observe contact discreteness in situ (it is thought that optical 
techniques like FECO would not be sensitive to regions of active or inactive contact). 
If inhomogeneous deformation was responsible for the apparent contact discreteness, 
then the mechanisms occurring at the sliding interface become substantially more 
complicated.  For example, there would be strong competition between surface 
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roughness, surface reorganisation, polymer creep and strain localisation in determining 
the dimensions of the apparent contact discreteness. 
Some experimental evidence supporting a competition between surface roughness 
and contact discreteness exists.  It was noted that an Edmund supplied indenter that had 
been washed with acetone and toluene was unable to slide “smoothly” over PS, whilst a 
melted Edmund supplied indenter had no such problem.  Perhaps the extra roughness of 
the Edmund supplied indenter is sufficient to shift the distribution and dimensions of the 
apparent contact discreteness relative to a melted indenter. 
If contact discreteness were only accessed through strain localisation, then it would 
imply that uncrosslinked PS and highly crosslinked PS would slide through different 
mechanisms.  However, it is highly unlikely that the active contact at the sliding 
interface could change from one single contact to contact discreteness without 
observing a shift in the friction force. 
If contact discreteness were present at a sliding interface regardless of the apparent 
entanglement density, then it would provide an active pathway for strain localisation 
within the polymer.  Strain localisation would amplify stick-slip motion at a micrometer 
scale by allowing excess plastic deformation during the stick phase.  By definition, 
strain localisation will prevent the distribution of the shear stress from spreading far 
beyond each active contact zone. 
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6 Conclusion 
The macroscopic friction-shear stress was successfully measured between a glass 
indenter and several different glassy polymer surfaces, with values in agreement with 
those presented in the literature.  The friction-shear stress was shown to be a function of 
the applied normal pressure, the type and morphology of the polymer film.  When a 
critical shear stress is reached, relative motion between a glassy polymer surface and a 
glass indenter is controlled by plastic deformation of the polymer surface. 
Glassy polymers that fail in a brittle manner under tensile loading, produced debris 
when exposed to a single sliding interaction, as imaged by a SPM.  Glassy polymers 
that fail in a ductile manner under tensile loading did not produce debris.  The form of 
the debris was dependent on the polymer system.  Some of the debris are thought to 
have agglomerated into rolls, as observed by long ripples running perpendicular to the 
sliding direction.  For PMMA, distinct holes were left in the film, providing a source for 
the debris.  The random position and sizes of the holes suggests that the effective 
contact area consisted of many isolated contacts up to 400  in diameter. nm
It was proposed that the contact region for all of the polymers studied consisted of 
isolated active regions, referred to as contact discreteness.  It is not known what controls 
the formation and distribution of the contact discreteness.  One possibility is that the 
contact discreteness occurs via strain localisation. 
Shear flow of the polymer under each of the contact regions occurs until a local 
tensile stress forms.  Polymers with a low entanglement density (brittle polymers) 
localise the strain, and fail in an unstable cohesive manner.  Polymers with a high 
entanglement density (ductile polymers) strain harden, with the polymer adhesion 
between the polymer and the indenter failing before the elongated polymer does.  The 
influence of the apparent entanglement density on the formation of debris was 
confirmed by a shift from debris to no debris when the crosslink density of PS became 
sufficient to prevent strain localisation. 
Orientation was observed by micro-Raman spectroscopy in a 30  thick PS film 
that had been hand rubbed with a velour cloth.  No orientation was observed in a 30  
thick PS films exposed to a single sliding pass by a glass indenter, even though debris 
resulting from plastic deformation were clearly visible on the surface.  The local contact 
nm
nm
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regions must be larger (hence strain is unable to localise) for a velour cloth on PS 
relative to a glass indenter on PS. 
It is feasible that many previously anomalous polymer wear results are a 
consequence of strain localisation. 
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7 Recommendations 
There is much need for future studies on polymer friction.  The recommendations in 
the following list arise from both findings of the current thesis and possibilities 
associated with the developed experimental techniques.  Recommendations for future 
studies include: 
• Perform micro-Raman spectroscopy studies on polymer films exposed to a 
ploughing action (by a sharp asperity).  A preliminary experiment was performed 
by scratching a PS petri dish with a pair of tweezers.  The scratch on the PS 
surface was observed by micro-Raman spectroscopy to be highly oriented.  
Potential experiments include studying the depth of orientation using confocal 
micro-Raman spectroscopy, and mapping the orientation across the width of the 
scratch.  One possibility is to study the degree and depth of orientation with 
respect to the sliding velocity of the indenter (one would expect the degree of 
orientation to decrease, but the depth of orientation to increase with indenter 
velocity). 
• Perform micro-Raman spectroscopy on crosslinked PS films exposed to sliding 
friction.  It was proposed in this thesis that for low crosslink densities, the strain 
was able to localise at the surface, but at high crosslink densities the strain should 
be distributed throughout the entire film thickness (and hence be detectable by 
micro-Raman spectroscopy). 
• Perform friction experiments on different tacticities of PMMA or PS.  Observe 
the relationship between the frictional shear stress and both the tacticity and 
degree of crystallinity.  This study would provide further insight into what 
polymer parameters contribute to the observed frictional shear stress whilst 
keeping the surface energy constant. 
• Analyse how different surface roughness values of an indenter influence the 
density and distribution of holes left in PMMA. 
• Perform friction experiments with a SPM under vacuum on different crosslink 
densities of PS.  Look at the power density of the friction signal to see if a 
characteristic frequency that represents the polymer breaking or detaching itself 
from the film is present. 
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• Cast a thick two phase polymer system.  Perform a sliding experiment, and then 
section (microtome) and look for the orientation profile using a SPM in tapping 
mode. 
• Select a polymer that is well known for going from ductile to brittle with 
increasing strain rates.  Compare the sliding velocity and strain required to move 
from ductile to brittle failure. 
• Perform friction experiments on PS and/or PMMA with smaller radii indenters 
under high applied loads.  Over a range of indenter radii, the observed plastic 
deformation due to friction mechanism should change from brittle sliding (debris 
production) to ductile sliding due to the formation of a compressive stress 
field.[36] 
 
Appendix A. Dimensions of the double cantilever used 
in the friction experiments. 
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Appendix B. Physical properties of the indenters and 
the substrates used in the calculation of the Hertzian 
Contact areas. 
 
Material 
Young’s Modulus, E  
( ) MPa Poisson’s ratio,  v
Si wafer   66 0.3 
SF11 glass 107 0.237 
BK7 glass   82 0.206 
Soda glass   69 0.25 
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Appendix C. Parameters used for fitting XPS analysis. 
 
Atomic Number Element Electron Orbital Sensitivity Factor 
  5 B 1s   0.5 
  6 C 1s   1.0 
  8 O 1s   2.9 
11 Na 1s   8.5 
12 Mg KLL (Auger) 11.2 
14 Si 2p   0.8 
19 K 2p3   2.6 
20 Ca 2p1 
2p3 
  1.7 
  3.4 
56 Ba 3d5 25.8 
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